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Chapter  1 
Introduction 


1.1  Motivation 

High  electron  mobility  transistors  based  on  the 
Alo.48lno.52As/Gao.47Ino.53As  material  system  are  attractive  for  low 
noise  applications  (e.g.  Direct  Broadcast  Satellite  (DBS),  satellite 
communications,  and  radio  astronomy)  at  microwave  and  millimeter- 
wave  frequencies.  The  high  average  velocity  (v^  >  2.0*1 07^)*  in 

Gao.47Ino.53As  translates  into  short  transit  delays  through  the  device. 
Further,  the  combination  of  high  electron  mobility 

and  high  sheet  concentration  (n,>3*10 'Wp  allows  low  parasitic 
resistance.  However,  the  performance  (e.g.  breakdown  voltage,  static 
power  dissipation,  and  forward  gate  voltage  swing)  of  the 
Alo.48lno.52As/  Gao.47Ino.53As  HEMT  with  a  Schottky  barrier  gate 
(hereafter  referred  to  as  the  Schottky  HEMT)  is  limited  by  the  low 
Schottky  barrier  height  of  metal  on  Alo.4sIno.52As  (0.6eV)*. 
Furthermore,  the  manufacturability  of  the  Schottky  HEMT  is  restricted 
by  the  lack  of  a  reproducible  gate  technology.  For  convenience,  the 
alloy  composition  numbers  are  hereafter  omitted  and,  unless 
otherwise  stated,  the  composition  is  assumed  to  be  lattice  matched. 

First,  the  low  Schottky  barrier  height  of  metal  on  AlInAs  permits 
electron  injection  from  the  gate  into  the  channel  under  reverse  bias 
(see  Figure  1.1a).  These  injected  electrons  contribute  to  the  reverse 
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Figure  1.1. 
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leakage  current  observed  in  the  diode  characteristics  of  AUnAs/GalnAs 
Schottky  HEMTs.  The  off-state  breakdown  in  the  AlInAs/GalnAs 
Schottky  HEMT  is  determined  by  the  number  of  injected  elects 
which  experience  impact  ionization  in  the  high  field  region  of  the 
channel.  The  on-state  breakdown  is  determined  by  current 
multiplication  either  in  the  channel  or  at  the  drain  contact.  Therefore, 
it  is  desirable  to  (i)  minimize  the  injection  of  electrons  from  the  gate 

into  die  channel,  and  (ii,  reduce  the  electric  field  near  the  drain 
electrode  to  suppress  impact  ionization. 

Second,  the  gate  recess  length  and  depth  (see  Figure  1.1b)  of  the 
Schottky  HEMT  determine  (i)  the  threshold  voltage;  (ii)  i„put 
unpe  ance  (e.g.  C„),  (ill)  the  electric  field  profile  surrounding  the  gate, 

and  (iv)  the  output  conductance,  G„  (which  influences  the  mint - 

noise  figure,  F->.  Therefore,  to  obtain  similar  device  characteristics 
across  a  wafer,  the  etch  process  used  to  define  the  gate  recess  trench 

must  be  uniform.  H*  horizontal  and  vertical  variations  in  the  recess 
etch  of  the  Schottky  HEMT  prevent  (i)  high  threshold  ^ 

uniformity,  (ii)  reproducible  state-of-the  art  noise  performance,  and 
(m)  the  maturation  of  a  high  yield,  low  cost  MMIC  technology 
Therefore,  it  is  desirable  to  develop  a  reproducible  gate  technology 
compatible  with  the  AUnAs/GalnAs  HEMT  structure. 


1.2  Approach:  The  Junction  Modulated  HEMT  (JHEMT) 

In  order  to  improve  the  gate  technology,  we  have  added 
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undepleted  p*  surface  layers  to  enhance  the  gate  barrier  (reducing 
electron  section  iron,  the  gate  into  the  channel,  and  to  provide  ! 
reproducible  gate  potential  (taproving  the  threshold  voltage 
uniformity).  To  improve  the  breakdown  characteristics,  we  hale 
regrown  n*  channel  contacts  using  MOCVD  to  reduce  the  electric  field 
near  the  drain  electrode  (by  increasing  die  electron  coUection  area)  and 

e  uce  the  minority  carrier  population  in  the  drain  region 
(preventing  hole  injection  from  the  drain  metal). 

In  contrast  to  a  conventional  Schottky  HEMT  (hereafter  called 
the  HEMT),  the  junction  HEMT  (JHEMT)  utilizes  a  highly  doped  p*. 

rming  a  p-n  junction  barrier  to  modulate  the  2-DEG  The 
e«ect  of  this  additional  surface  layer  on  the  energy  band  diagram  is 

and^LT*  'X- ^ ™Sy ba,’d  ^ ’  ***** HEMT 

J  are  ShOWn-  eI“*">"  energy  barrier  in  the  HEMT  is 
simply  the  Schottky  barrier  height  of  file  gate  metal  on  the  AtaAs 

barrier  layer  (0.6eV).  In  the  case  of  the  JHEMT,  the  electron  barrier  ' 

eight  is  file  built-in  potential  of  the  p-2DEG  junction,  which  may  be  as 

gh  as  the  bandgap  of  the  gate  material  (1.4eV,  for  p*-AlInAs>.  With 

t  e  exception  of  the  additional  p-type  surface  layer,  the  JHEMT  is  ,  * 

en  c  as  far  as  the  structure  is  concerned)  to  the  HEMT.  ■ 

Since  the  HEMT  and  JHEMT  channel  structures  are  virtually 

1  ent,Cal  the  electr°n  transP°rt  characteristics  in  the  channel  are 
expected  to  be  very  similar.  A  plot  of  election  mobility  versus  sheet 

e  ectron  concentration  comparing  the  election  mobility  of  InP-Based 
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Figure  1.2.  Energy  band  diagram  comparison  of  the  HEMT  (top)  and 
the  JHEMT  (bottom).  The  effective  Schottky  barrier  height  for  the 
HEMT  is  controlled  by  surface  interface  states.  The  effective  electron 
barrier  of  the  JHEMT  is  determined  by  built-in  potential  of  the  gate 
diode  whose  maximum  is  the  energy  bandgap  of  the  p-type  material. 
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JHEMTs  (fabricated  in  this  work)  to  HEMTs  is  given  in  Figure  1.3.  This 
data  proves  that  the  electron  transport  characteristics  in  the  channel  do 
not  suffer  by  the  addition  of  p+-layers  to  the  surface. 

The  fabrication  of  the  HEMT  and  the  JHEMT  require,  in 
principle,  the  same  processing  steps  with  the  exception  of  the  gate 
recess  etch.  In  the  HEMT,  a  gate  recess  etch  occurs  after  the  gate 
lithography  and  prior  to  gate  metal  deposition.  The  puipose  of  the  gate 
recess  etch  in  the  HEMT  is  i)  to  reduce  the  gate-to-channel  spacing  by 
etchmg  into  the  barrier  layer,  increasing  both  the  intrinsic  gate 
capacitance  (relative  to  extrinsic  capacitance)  and  the  aspect  ratio 
(  ‘At-iotc )  *he  device  and  ii)  to  adjust  the  threshold  voltage.  In 
contrast,  the  gate  recess  etch  of  the  JHEMT  (which  is  actually  a  recess 
etch  of  the  access  regions)  occurs  after  both  the  gate  lithography  and 
gate  metallization.  The  purpose  of  the  gate  recess  in  the  JHEMT  is  i)  to 
define  the  physical  footprint  of  the  gate,  which  determines  the  effective 
gatelength,  and  ii)  to  reduce  the  sheet  resistance  in  the  access  regions* 
effectively  lowering  the  source  and  drain  parasitic  resistance.  Thus,  the 
purpose  of  the  gate  recess  etch  is  fundamentally  different  in  the  two 
devices  as  shown  from  the  schematic  in  Figure  1.4. 

The  JHEMT  offers  an  alternative  means  to  obtain  threshold 

voltage  uniformity.  Uniformity  in  the  gate  region  of  the  JHEMT 

results  from  the  opposite  order  (relative  to  the  HEMT  fabrication 

process)  in  which  the  recess  etch  step  and  gate  metallization  steps 

occur.  The  threshold  voltage  has  either  a  linear  or  quadratic 
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relationship  with  respect  to  the  gate-to-channel  separation*,  depending 
on  the  doping  scheme  used  in  the  upper  donor  layer.  Recall  for  the 
HEMT,  one  purpose  of  the  recess  etch  is  to  control  threshold  voltage 
Therefore,  non-uniformities  in  the  recess  etch  depth  result  directly  in 
threshold  voltage  variations.  Conventionally,  the  two  approaches  for 
obtaining  threshold  voltage  uniformity  in  HEMTs  are  selective  wet 
chemical  etching*  and  dry  etching*,*  By  comparison,  fte 

to  the  gate  recess  etch  (in  the  JHEMT)  occurs  after  the  gate  metal  is 

deposited,  and  the  distance  from  the  gate  to  the  channel  remains 

unaltered  by  the  recess  etch  step.  Consequently,  the  gate-to-channel 

separation  remains  fixed,  resulting  in  high  threshold  voltage 
uniformity. 

In  addition  to  the  modification  to  the  gate  structure,  the  channel 

contact  regions  are  replaced  with  n+  GalnAs  regrown  by  MOCVD.  The 
concept  of  regrown  contacts  to  a  2-DEG  has  previously  been  reported* 
The  n+  contacts  reduce  the  electric  field  in  the  channel  near  the  drain 
electrode  (by  increasing  the  area  of  electron  collection)  and  suppress  . 
hole  injecfion  from  the  metal  into  the  channel  (due  to  low  minority  -. 
earner  population  in  the  n*  contact  region).  Experimentally,  both  the 
on-state  and  off-state  breakdown  voltage  in  the  GalnAs  channel- 
JHEMT  are  enhanced  as  discussed  in  Chapter  4. 

1.3  Historical  Background 

1-3.1  Modulation  Doping  and  the  l„P  High  Electron  Mobility  Transistor 
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The  concept  of  Modulation  doping*  is  now  ,  . 
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ao  (A) 


Figure  1.5.  Energy  Gap  versus  Lattice  Constant  for  various  materials. 
The  lattice  constant  of  InP  is  5.85A.  (Reference  15) 
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AlInAs  donor  layer.  Finally,  an  undoped  AlInAs  Schottky  barrier  layer 
followed  by  a  thin  contact  layer  is  grown  above  the  donor  layer  to 
complete  the  HEMT  structure. 

The  electrons  in  the  undoped  GalnAs  channel  layer  are  spatially 
separated  from  their  parent  donor  atoms.  Therefore,  ionized  impurity 
scattering  is  minimized  (especially  at  low  temperatures)  and  the 
electrons  moving  in  an  applied  electric  field  (parallel  -  to  the 
AlInAs/GalnAs  hetero-interface)  attain  high-  carrier  mobility 
approaching  the  maximum  possible  for  undoped  GalnAs.  The 
mobility  of  the  AlInAs /GalnAs  HEMT  at  300K  and  77K  is  10,000  and 
60,000  ‘"/Ce,  respectively  (see  Figure  1.3).  The  enhancement  factor  of 
electron  mobility  of  a  HEMT  over  a  GalnAs  doped-channel 
(n=lxl018cnr3)  FET  is  2  and  10  at  300K  and  77K,  respectively**.  The 
higher  enhancement  factor  at  77K  is  because  ionized-impurity 
scattering  is  the  transport-limiting  mechanism,  whereas  at  300K,  polar 
optical  phonon  scattering  is  a  competing  mechanism. 

1.3.2  Evolution  of  the  InP  HEMT 

The  concept  of  modulation  doping  along  with  the  advanced  .;  : 

material  growth  technique  of  Molecular  Beam  Epitaxy  (MBE)  led  to  the  - 

Schottky-barrier  gate,  modulation-doped  n-AlGaAs/GaAs  hetero- 

structure  transistors  in  the  early  1980’s17/18/19/20.  As  a  result,  the  names 

high  electron  mobility  transistor  (HEMT),  selectively-doped 

heterojunction  transistor  (SDHT),  two-dimensional  electron  gas  field 
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e««t  transistor  (TEGFET),  and  modulation-doped 

(MODFET)  were  adorns  •  -r.  P  d  effect  trax^st or 

devices21.  '  ^  physics  *  the 

1983,  Eastman  suggested  the  development  ( 
d°ped  Alo,8In„.52As/Gao47lno53As  eI°Pmen‘  *  adulation- 

promising  candidate  for  hiel  „  on  InP  as  a 

e  tor  high  speed  devices^  tk«  i  ^ 

Gao.47lno.53As  ahoy  on  InP  possesses  three  distinctad 

•ower  indium  mo, e-fraction  A.GaAs/T  ^  ^  ^ 

higher  AHC  (O.SeV)22  mans, at  PHEMT'  «-t  the 

c  tvoev;  translates  mto  higher  2-DFr  „„ 

higher  modulation  efficiency*  SeconT  th  ^ 

mass  (me»)  resu)ts  jn  ^  '  e  Iower  electron  effective 

esults  m  higher  electron  mobffity  ^jo  ooo  cn,a/u  , 

Fma"y-  ‘he  higher  average  velocity  in  th  J  h 

reduces  the  electron  transit  time  th  ""el  (>2-0xl°7  cm/s> 

combination  of  high  electron  uV  r°Ugh  **  device2*.  The- 

go  electron  mobility  and  high  2-DFr  • 

result  in  lower  channel  resistivity.  DEG  concentration  1 

In  1985,  Professor  Eastman-s 

reported2eu,e  first Alo4sIno52As/Gao  Uf>  *'  C°mel‘  U"iversity 

en  InP  substrate22  ^  ! 

•  Thereafter,  several  research  i*u  • » 

investigating  AUnAs/GalnAs  HEMTs  on  InP  subJl  ’ 
example  28  29  30)  R„  nhstrates  (see  for 

'  '  A  oy  the  summer  of  iqpr  l 

Research  Uboratories  reported  a  unitv  '  ^  ^  ' 

/r/  of  170  GHz  utilizing  a  0.1  inn  ^  ^“ency2.. 

This  work  clearly  dem  tr  ^  en8U>  A“nAs/GaIhA»  HEMP2. 

doped  AlInAs/GalnA  T  3led  ‘b*  ^Per102  pr°perties  of  modulation- 
HnAs/GalnAs  heteroymcHons  on  InP.  „  addidon.  the  resuhs  ■ 
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were  significant  because  they  far  exceeded  the  performance  of 
published  0.1  pm  gatelength  AlGaAs/GaAs  HEMTs33.  By  the  end  of 
1988,  Mishra  et  al  improved  the  /T  to  over  200  GHz34  by  increasing  the 
In  mole-fraction  in  Ga1_xInxAs  (x  =  0.62),  further  reducing  the  electron 
effective  mass.  One  year  later,  a  drastic  reduction  of  the  parasitic 
resistance,  Rs+Rd,  was  achieved  by  self-aligning  the  ohmic  contacts  to  a 
mushroom-shaped  gate  metal35.  The  reduced  parasitic  time  delay 
resulted  in  a  record  value  of  over  250  GHz  (/T). 

Nguyen  et  al  at  Hughes  Research  Laboratories  further  improved 
the  device  performance  by  i)  optimization  of  Gal_xInxAs  (x  =  0.80)  as  the 
channel  material,  ii)  further  reduction  in  parasitic  resistance,  and  iii) 
successful  reduction  of  the  gatelength  to  50  nm36.  These 
improvements  advanced  the  state-of-the-art  cut-off  frequency  to  340 
GHz  (/x)37.  Since  1992,  two  other  groups  have  reported  300  GHz  (/T) 
Schottky-gate  HEMT  device  performance38,39.  Due  to  the  high  electron 
velocity  and  the  low  parasitic  resistance,  the  HEMT  is  the  fastest  three- 
terminal  device  in  the  world  and  will  probably  remain  so  for  some 
time  to  come. 
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1.4  Synopsis 

The  principal  objective  of  to  dissertadon  is  to  a 

o  knowledge  governing  the  design  of  high  performance  and  high 
uniformity  lattice-matched  n-AllnAs/GalnAs  junction  HEMT 
OHHMTs)  for  microwave  and  millimeter  wave  applications.  * 
^r  2,  the  design  aspects  of  the  gate  and  access  regions  of  to 

™MT  are  examined.  ^  ^  ^,e  reiahon  is  derived  for  pu^ 

of  ^  bamer'  d0nOT'  "d  SpaCer  hyei*  Next,  to  utilization 

the  T  r™  40  ^  to  barrier  height  is  discussed  and 

a  adVan,a8eS  °f  ^  -  the  gate  electrode  of  the  HEMT 

re  Presented,  hereafter,  an  accurate  thretold  voltage  mode,  is 

*-  oped.  PinaUy,  .  lumped  e,ement  approximation  of  to  JHlJ 
tupttompedance  is  ttsed  to  attain  an  equivalent  circuit  model  for  the 

Chapter  3  discusses  the  reerowth  nf 
xr  ,  growth  of  ohmic  contacts  by  MOCVD 

fabriCaHOn  Pr°CeSS  °f  ““  *  presented  and 

are  ohmic  contact  technologies  available  (alloyed  versus  regrown,  to 

laraT  JHEMT  eX3mined-  FfaaBy'  the  utilized  to 

rac  enze  the  electronic  transport  properties  of  the  JHEMT  j, 
presented.  J  1  1S 


All  A  C,hapler  4  deSCTibeS  the  Perf°rmance  of  single-doped  pr- 
As/.AltoAs^toAs  JHEMTS  with  gatelengths  of  1pm  and 

0.2pm.  the  on-state  and  off-state  breakdown  voltages  are  directlv 

compared  for  im  gatelength  devices  with  both 

5  aevices  with  both  regrown  and  alloyed 
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contacts. 

Chapter  5  details  the  DC  and  RF  performance  of  the  single-  and 
double-doped  p+-GaInAs/ n-AHnAs/ GalnAs  JHEMT  with  gatelengths 
of  0.2*im  and  0.15pm,  respectively4®.  In  particular,  the  threshold 
voltage  uniformity  is  examined  along  with  the  influence  of  the  barrier 
layer  thickness  on  the  threshold  voltage.  A  one-dimensional  transport 
model  is  presented  to  predict  the  forward  current  in  the  gate  diode. 
The  results  suggest  that  the  forward  current  in  the  p+-GaInAs /n- 
AlInAs /GalnAs  JHEMT  is  dominated  by  tunneling  through  the 
AlInAs  barrier  layer  and  not  by  thermionic  emission  over  the  barrier. 

Chapter  6  summarizes  the  most  important  findings  in  this 
investigation  and  presents  a  few  suggestions  for  future  work  in  the  f 
area  of  InP-based  JHEMTs.  Appendix  A  contains  the  derivation  of  the 
lumped-element  model  for  the  JHEMT  input  impedance  discussed  in 
Chapter  2.  Next,  Appendix  B  presents  the  doping  concentration  as  a  ,  • 
function  of  flow  rate  obtained  in  the  MOCVD  reactor  used  to  regrow 
the  ohmic  contacts.  Then,  Appendix  C  gives  a  detailed  process  traveler 
of  the  mm-Wave  JHEMT  process.  Appendix  D  contains  a  plot  of  ,r 
depletion  depth  versus  doping  for  a  given  surface  potential.  Appendix 
E  contains  the  HP  basic  program  written  by  this  author  to  calculate  the 
gate-diode  current  in  the  JHEMT.  Appendix  F  contains  the  bias 
dependent  model  parameters  of  the  double-doped  JHEMT  with  various 
gatelengths  (0.15, 0.33,  and  0.48|im). 
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Design  of  nun-wave  JHEMTs 

A  cross  section  of  the  pMhdnAs/n-AlInAs/GalnAs  JHEMT  is 
shown  in  Figure  2.1.  The  device  may  be  divided  into  two  regions:  the 

**  reS‘0n  gate  metal)  and  the  access  regfens 

o-enveen  the  gate  and  the  ohmic  contacts).  The  two  regions  have 
deferent  surface  potentials  as  shown  in  the  aviated  band  diagrams 

To  achieve  a  high  performance  device,  both  regions  must  be  effectively 
designed.  7 

The  design  of  mm-Wave  JHEMTs  begins  with  a  derivation  of 
e  fever  Rule  which  governs  the  transfer  of  electrons  from  the  donor 
layer  to  foe  channel.  Second,  foe  design  criteria  pertaining  to  foe  access 
gi  s  are  discussed.  Next,  a  one-dimensional  threshold  voltage 
model  is  fully  developed.  Afterwards,  a  lumped-element 
approximation  for  foe  input  impedance  of  foe  JHEMT  is  derived 
Finally,  foe  five  design  philosophies  of  foe  gate  region  are  presented. 

2.1  The  Lever  Rule  Layer  Design  Model 

The  Lever  Rule  model*  dictates  the  distribution  of  electrons  in  a 
modulation-doped  heterostructure.  Given  knowledge  about  foe  (5- 
oped)  donor  layer,  foe  model  provides  guidance  when  choosing  foe 
cknesses  of  foe  spacer  layer  and  barrier  layer  required  to  achieve  a 
certain  election  concentration  in  the  channel.  The  model  assumes 
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Gate  Region 


Access  Region 


Gate  Region  Band  Diagram 


Gate 


Distance  from  the  surface  (nm) 
Access  Region  Band  Diagram 


Energy 


Distance  from  the  surface  (mn) 

defining  the  gate^lc c«s  ~r^^Sj?"'A1^3/GalnAs  JHEMT 
these  regions  are  also  shown.  ^  associated  band  diagrams  of 
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J-?'  .  ?nergy  band  diaSram  »f  *e  modulation-doped 
AlInAs/GalnAs  heterojunction  used  to  derive  the  Lever  Rule. 


only  that  the  donor  impurities  are  fully  ionized. 

The  modulation-doped  band  structure  for  the  model  is  given  in 
Figure  2.2.  The  thicknesses  d2  and  di  are  the  thicknesses  of  the  barrier 
and  spacer  layers,  respectively.  The  sheet  electron  concentrations  nd 
and  ns  are  electron  concentrations  in  the  donor  and  channel  layer, 
respectively.  <pb  is  the  Schottky  barrier  height  on  the  wide-bandgap 
material  (e.g.  AlInAs),  and  AEC  is  the  conduction  band  discontinuity  at 
the  heterojunction  as  defined  in  Chapter  1.  The  value  En  is  the 
distance  from  the  conduction  band  edge  at  the  hetero-interface  to  the 
Fermi  level  as  shown  in  the  figure.  Lee  and  coworkers*  have  shown 
that  En  may  be  given  by  the  following  linear  approximation*: 

En  =  AEfo(T)  +  ans  [2.1] 

AEro(T)  is  the  zero-intercept  of  the  linearized  £„(/!,) 
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function,  note:  AEro(300Jr)  =  0 
a  is  the  slope  of  the  linearized  £„(„,)  function. 
n*  ^  the  2-DEG  concentration. 

rest  of  the  analysis  comes  from  applying  Poisson's  equation  and 

Gauss'  Law  to  the  band  structure.  The  electric  field,  El/  may  be  written 
as: 

^  *2  122] 

where  <  is  the  dielectric  constant  in  the  large  bandgap  material  (e.g. 

HnAs).  At  T-300K,  the  potentials  in  the  structure  at  300K  may  be 
summed  to  obtain  the  following  equation  which  may  be  solved  exactly: 
-V.  4  A-f+an.~0  [22] 

An  approxunate  solution  in  the  case  of  the  AlhAs  system  is  obtained 
by  recognizing  that 


■+<w, » ■ 


This  estimate  is  good  for  AHnA<j/r»T«Ao  •  ^  „ 

5  ror  AnnAs/GalnAs  smce  <D*=0.6eV,  AEc=0.52eV, 

and  an t=0.20eV  for  n  =lxlQnrm~2  Tk«  •  . 

'  10  •  71,6  error  m  this  approximation 

increases  with  » ,  but  even  at  Wk  , 

1  even  at  hlSh  channel  concentrations,  say 

3xlO'W,  the  approximation  (equation  [2.4])  is  stffl  acceptable.  With 

the  help  of  equation  [2.4],  equation  [2.3]  may  be  re-written  (for  the  case 
when  V,=0)as: 

[25] 

Substituting  equation  [2.2]  into  [2.5]: 

M 
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Next,  a  relationship  between  E2  and  nd  is  developed. 

If  the  donor  impurities  are  assumed  to  be  fully  ionized,  then  the 
field  lines  of  the  ionized  charges  in  the  donor  layer  are  terminated  by 
either  charge  in  the  channel  or  charge  at  the  surface.  From  Gauss'  Law, 
the  electric  fields  emanating  from  the  planar-doping  region  can  be 
described  by: 

+  [27] 

E2 

which  with  die  help  of  equation  [2.2]  may  be  written  as: 

*2=7*--^  M 

fc2  e2 

Next  substitute  equation  [2.8]  into  [2.6]  and  solve  for  n„  and  one  gets: 

[2.9a] 


4+4  ' 

or  equivalently. 


[2.9b] 


Equation  [2.9]  is  the  called  the  Lever  Rule.  Clearly,  the  barrier  layer 
must  be  larger  than  the  spacer  layer  in  order  to  transfer  the  majority  of 
the  free  carriers  in  the  donor  layer  to  the  channel.  In  the  limit  as  %  is 
made  very  large,  one  obtains: 

11101 


For  a  high  barrier-to-spacer  thickness  ratio,  the  model  predicts  that  all 
the  free  electrons  in  the  donor  layer  will  transfer  to  the  channel. 
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2*2  Access  Region 

There  are  two  design  criteria  for  the  access  reirinn  c  u 

device  First  th.  *  P<5nS  of  ^  JHEMT 

First,  the  access  region  sheet  resistance  must  be  minimized  in 
order  to  minimise  *  source  ^  ^  ^  ^ 

av;::r ament  ^  **  **•  ^  « >* «-« by  ^ 

evatlahle  charge  in  the  access  region. 

Design  PhUosophyM*  Minitnire  Source  and  Drain  Tran8i[ 

deia  v  TJ1T  °l  t'’e  S0UI“  ^  **  — -  -  -  **  — 

smaU  °  ^  dee1**  may  be  seen  by  using  nodal  analysis  on  a  simplified 
small-signal  equivalent  circuit  model  to  obtain^ 


TtotaJ  ^intrinsic  +  T parasitic 


O  .  - 


&mo  ’  ^ds 


[2.11] 


[212] 


te  resistance,  and  are  DartimlarUr 
important  when  the  eatelpncn-K  •  particularly 

11.— 


^  •  |  hs. j + ^ 


12.13} 


Wh-  me  first  term  is  the  resistance  associated  with  the  access  region 

Hrr :  -  ~ — 

dressed  »  Chapter  3.  Clearly,  a  similar  expression  may  be  written  for 
-  -  resistance.  Fo  ndnimire  the  parasitic  transit  dl,a,  the^ 
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sheet  resistance  (Rshacc)  must  be  minimized.  The  channel  sheet 


resistance  in  the  access  region  is  given  by: 

_j _  (  n  ' 

(q-V-'Kacc)  y  square  J 


^ sh.aee 


[114] 


Therefore,  this  design  requirement  demands  both  high  electron 
mobility  and  high  electron  concentration  for  minimal  sheet  resistance 
in  the  access  region. 

Design  Philosophy  #A2i  Maximize  the  Current  Drive  Capability 

The  higher  gate  barrier  of  the  p+-AlInAs  JHEMT  allows  a  higher 
forward  tum-on  voltage  and,  thus,  the  device  may  operate  in 
enhancement  mode.  In  such  cases,  as  the  gate  is  biased  more 
positively,  additional  electrons  are  induced  in  the  channel  (under  the 
gate)  and  the  channel  current  increases,  until  one  of  the  following 
occurs:  1)  the  gate  diode  turns  on,  2)  parasitic  MESFET  conduction5  * 
occurs  in  the  AlInAs  donor  layer,  or  3)  die  electron  velocity  saturates  in 
the  access  regions6  (limiting  the  available  current  through  the  device). 
The  first  two  points  are  addressed  in  section  2.3.3,  but,  the  third  point  is 
the  focus  here.  The  current  (per  unit  gate  width)  flowing  from  the 
source  to  the  drain  is  continuous  at  any  point  along  the  channel  and 
may  be  written  as: 

I  =  qn,(x)v(x)  (j^)  [2.15] 

where: 

q  is  the  electron  charge  (C) 

ns(x)  is  the  sheet  electron  concentration  (cm-2) 

v(x)  is  the  electron  velocity  (c/^/). 
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The  maximum  current  which  may  flow  through  the  access  region  is- 

(%n>  [2.16] 

Which  is  limited  by  the  maximum  number  of  flee  carriers  <*_,  m  ^ 

7°"'  a“  “8  “  —■  ~on  velocity  (v).  Even  if 

the  gate  is  ab.e  to  accumulate  many  more  high  velocity  elecflons,  the 

access  regrons  can  not  support  the  additional  current.  Consequently, 

e  access  regton  resistance  rises  dramatically*  causing  device  figures  of 

"  *  t0  de8rade-  Wore'  to  suppress  this  phenomena, 

the  access  region  must  be  designed  for  high  elecflcm  concentration. 

23  Gate  Region 

The  design  of  the  gate  region  begins  with  the  derivation  of  a 
one-dimensional  threshold  voltage  model  which  is  used  to  predict 

g  •  Next,  a  lumped-element  model  of  the  input 
■mpedance  rs  discussed  which  leads  to  an  expression  for  the  gate 

resistance  o,  the  JHEMT.  Finally,  fire  design  philosophies  of  fire  gate 
region  are  examined* 

2.3.1  Threshold  Voltage  Model 

GaJ"/  ''T.r'*0"'  8  threSh°,d  V°,tage  m0del  «•  d-ved  for  the  p*. 

GalnAs/n-AlInAs/GalnAs  JHEMT  based  on  the  linearized  £  U  V 
funcflon.  Then  a  modified  threshold  voltage  model  is  established  m 
or  er  m  accurately  predict  the  threshold  voltage  of  the  p-GalnAs/n- 
AlInAs/GalnAs  JHEMTs  discussed  in  Chapter  5. 


a 

». 


tm 
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JHEMT  Threshold  Voltage  Model 

The  planar-doped  p+-GaInAs/n-AlInAs/GaInAs  JHEMT  is  the 
structure  chosen  for  this  calculation.  The  energy  band  diagram  and 
electric  field  of  the  structure  are  plotted  in  Figure  2.3.  The  following 
two  assumptions  are  used  in  the  following  analysis:  i)  the  donor 
impurities  are  fully  ionized,  and  ii)  the  depletion  approximation  is 
valid. 


Applying  Gauss’s  Law  to  the  channel,  the  electric  field  in  the 


spacer  layer  may  be  related  to  the  2-DEG  concentration  as: 


3 ,-a. 


[217] 


where  e2  is  the  dielectric  constant  in  AUnAs.  Also  from  Gauss’s  Law, 

the  electric  field  in  the  barrier  layer  may  related  to  both  the  donor  sheet 

density  and  to  the  back  depletion  in  the  gate  layer: 

„  qn.  an,  qN.x. 


or  more  simply. 


NAxP=nd-n, 


[218b] 


This  expression  is  nothing  other  than  a  statement  of  charge 
conservation  in  a  closed  system  with  no  emerging  electric  field. 

Equation  [2.18b]  may  be  solved  to  obtain  the  back  depletion  into  the  gate 
layer 

n, -n, 

*,=-^  [219] 


Next,  by  solving  Poisson’s  equation  under  the  gate  contact,  the 
potentials  in  the  system  are  related  by: 
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of  donor  atoms. 


profile  of  the  planar- 
donor-  layer 
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trc-v =( 


[220] 


where  e,  is  the  dielectric  constant  in  the  GalnAs.  Equation  [2.20]  may 
be  simplified  and  rewritten  by  using  equations  [2.1]  and  [2.19],  and 
recalling  EF0  =  0  at  300K: 

By  definition,  the  threshold  voltage  is  defined  as  the  gate  voltage  at 
which  the  channel  sheet  concentration,  ns,  approaches  zero,  on 

V.=V'.|-0  [222] 

Applying  [2.22]  to  [2.21]  and  solving  for  the  threshold  voltage,  VA,  one 


obtains: 


2NAe,  e, 


[123] 


Equation  [2.23]  is  the  threshold  voltage  expression  for  the  planar-doped 
p+-GaInAs/n-AlInAs/GaInAs  JHEMT.  In  this  expression,  is  the 
energy  from  the  conduction  band  to  the  Fermi  level  in  the  gate  layer 
and  is  limited  by  the  magnitude  of  the  energy  bandgap  of  the  p-type 
semiconductor.  For  high  acceptor  concentrations,  the  second  term  in 
[2.23]  vanishes  and  the  threshold  voltage  varies  linearly  with  the 
thickness  of  the  barrier  layer,  d^. 


It  is  often  desirable  to  replace  the  planar-doped  donor  layer  by  a 
thin,  uniformly  doped  donor  region.  This  allows  high  electron 
mobility  for  very  thin  spacer  layers  (see  Chapter  5  and  see  reference7). 
Instead  of  nd  (cm'2)  electrons  in  the  donor  layer,  there  are  now 
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eleCtrons'  ^ere  d„  is  the  fi„ite  thickness  Qf  ^ 
umfonnly^oped  donor  layer.  The  new  structure  is  called  the  pseudo- 

I  <PPD>  ,HmT’  ^  tHe  b»d  -  to  and  electric 

-are  plotted  in  Figure  2.4.  The  threshold  voltage  of  the  PPD. 

JHEMT  easily  derived  and  given  by 

where  rite  extra  (fourth,  tertn  is  attributed  to  the  potential  drop  across 
the  uniformly-doped  donor  region. 

baclc  dr"  f°r  eX,Iemely  ^  a“ep,0r  concen*rations  where  the 
depletion  into  the  gate  approaches  zero  (,,  ^0),  one  obtains  the 

taear  charge  control  model  for  Schottky  HEMTs  (where  inherently  the 

ep.etion  in  the  metal  is  assumed  to  be  zero)  The  lie 

aero)-  The  linear  control 

model  fust  introduced  by  Delagebeaudeuf  and  Linh»  is 

=  (V.-V*)  (225) 

where  C,  is  the  2-DEG  capacitance  per  unit  area,  Vt  is  the  applied  gate 

voltage.  Despite  the  model  s  simplicity,  the  linear  behavior  has  been 
observed  in  AlGaAs/GaAs  HEMTs  at  12K». 

Modified  JHEMT  Threshold  Voltage  Model 
In  the  previous  threshold  voltage  model  of  the  planar-doped 
and  pseudo-planar-doped  JHEMT,  a,e  purpose  was  to  recognize  the 
parameters  which  heavily  influence  die  threshold  voltage.  Those 
model  a«  extremely  useful  for  that  reason.  However,  the  linearized 
function  (i.e.  equation  [2.1),  used  in  those  models  inaccurately 
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Figure  2.4.  Energy  band  diagram  and  electric  field  profile  of  the  pseudo¬ 
plan  ar-doped  (PPD)  p+-GaInAs/n-AlInAs/GaInAs  JHEMT.  Instead  of  a 
sheet  of  donor  atoms,  the  donor  region  consists  of  Nd  (cm-3)  over  a. 
thickness,  dn. 
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describes  the  movement  of  the  Fermi  Level  as  the  2-DEG  in  the 
channel  vanishes10.  Therefore,  the  threshold  voltages  calculated  from 
the  model  inaccurately  predict  the  threshold  voltage.  The  purpose 
here  is  to  derive  a  relation  which  accurately  describes  the  threshold 

voltage  in  the  P*-GaInAs/n-AlInAs/GaInAs  pseudo-planar-doped 
JHEMT. 


The  analysis  begins  with  recalling  the  definition  of  threshold 
voltage  in  equation  [2.22J  and  constructing  the  energy  band  diagram 
with  a  flat-band  condition  in  the  channel.  The  energy  band  diagram 
and  electric  field  profile  are  shown  in  Figure  2.5.  The  following 
assumptions  are  made  in  this  new  model:  i)  all  donor  atoms  are 
ionized  and  their  field  lines  are  terminated  on  acceptor  charges  in  the 
gate  region,  ii)  at  threshold,  the  channel  behaves  as  if  it  were  intrinsic 
and  the  Fermi  level  has  moved  near  the  center  of  the  bandgap  (i.e. 
efm  -  EJ1),  and  iii)  the  depletion  approximation  is  valid. 


Using  Gauss's  Law,  we  may  write  the  following  charge  relation: 


Nd  dR  =NA-Xp 


[126] 


Again,  the  back  depletion  into  the  gate  layer  may  readily  be  found 
when  the  channel  is  depleted  of  free  carriers: 

x  -N"  d- 

'  N,  1227} 

Now,  the  potential  in  the  system  may  be  summed  to  obtain:  ’ 

A  -v,  4Nax,  qNd2  AE 

K  ‘  2*.  «  1228] 

Which  after  canceling  terms  and  substituting  equation  (2.27],  may  be 
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Figure  2.5.  Energy  band  diagram  and  electric  field  profile  of  the  pseudc 
planar-doped  (PPD)  p+-GaInAs/n-AlInAs/GaInAs  JHEMT  at  the 
threshold  condition.  Solving  the  electrostatics  with  the  position  of  the 
Ferau  level  near  the  middle  of  the  energy  gap  leads  to  the  accurate 
calculation  of  the  threshold  voltage. 
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simplified  to  get 

2NAex  e2  ^  2e2 

Solving  for  the  threshold  voltage,  one  gets 
_ ^ 


Ef  th  —  0 


[229] 

[230] 


Equation  [2.30]  is  the  modified  threshold  voltage  equation  for  the 
pseudo-planar-doped  JHEMT.  As  an  example,  the  threshold  voltage  of 
wafer  #V1307C  (reported  in  Chapter  5)  is  estimated  using  the  original 
charge  control  model  and  also  calculated  using  the  modified  (flat-band 
condition)  model.  The  results  are  listed  in  the  table  in  Figure  2.6.  The 
modified  model  developed  here  more  accurately  predicts  the  threshold 
voltage.  The  difference  between  the  two  models  is  accounted  for  by  the 
relative  position  of  the  Fermi  Level  when  the  threshold  condition  is 
satisfied.  In  this  case,  the  difference  in  the  two  models  is  Etj 2=0.375eV. 


Measure 


Model 


|  Model  |  %  Slat-Band  Threshold  Voltage  Model, ^|^Q^rrXl|- 

Figure  2.6.  Threshold  voltage  model  comparison  with  actual  devices 
measure  on  wafer  V1307C.  The  Flat-Band  Model  (derived  from  FiJS 
2.7)  more  accurately  predicts  the  threshold  voltage  due  to  the  corrected 
assumptions  about  the  position  of  the  Fermi  Level. 
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2.3.2  JHEMT  Input  Impedance  Model 

The  use  of  a  junction  to  modulate  the  2-DEG  introduces  an  extra 
gate  resistance,  in  addition  to  the  gate  metal  resistance,  corresponding 
to  the  contact  resistance  of  the  gate  metal  electrode  to  the  p-type  gate 
region.  The  purpose  of  this  section  is  to  develop  a  simple  expression  to 
describe  the  input  impedance  of  the  JHEMT. 

Since  the  input  signal  applied  from  the  feeding  end  of  the  gate 
propagates  along  the  gate  metallization  to  the  other  end,  the  gate  has  to 
be  analyzed  as  a  distributed  network.  Wolf11  developed  the  lumped- 
element  model  of  the  distributed  network  used  for  the  Schottky-gate 
HEMT.  However,  this  model  does  not  account  for  contact  resistivity 
from  the  metal  to  the  semiconductor.  Thus,  the  analysis  of  Wolf  is 
expanded  to  include  the  additional  gate  resistance  in  the  JHEMT. 

The  gate  finger  of  the  JHEMT.  is  treated  as  an  open-circuit 

transmission  line.  The  unit  cell  of  the  transmission  line  consists  of  a 

single  series  impedance  along  with  a  shunt-admittance.  The  input 

impedance  of  the  transmission  line  is  then  approximated  by  a  power 

series  expansion  and  a  lumped-element  approximation  of  the  JHEMT 

input  impedance  is  obtained.  The  cross-section,  unit  cell,  and  lumped 

element  impedance  model  of  both  the  HEMT  and  JHEMT  is  given  in 

Figure  2.7.  The  full  mathematical  derivation  of  the  lumped  element 

impedance  model  is  given  in  Appendix  A.  Consistent  with  Wolf's 

analysis  (applied  to  the  Schottky  HEMT),  the  same  reduced  value  of 

metallization  resistance  (one-third  of  the  end-to-end  dc  resistance) 

37 


Chapter  2 


Transmission  Line  Unit  Cell: 


dR, 


••• 


91 


dR 


dCn 


•  ••a 


"  I  "■ ••• 

“  ^  — ••• 


Lumped  Element  Approximation: 


Cross-Section: 

Gate 


Transmission  Line  Unit  Cell: 


••• 


••• 


••• 


••• 


Lumped  Element  Approximation: 


™  -r  for  born  * 

arc  %£>■ ^iHr « ■ : 

approximation  of  the  gate  input  impedL^m, 


Chapter  2 

and  the  total  gate  capacitance  is  obtained.  However,  an  additional 
series  resistance  associated  with  the  ohmic  contact  to  the  p-type  region 
(Rg2)  is  present  in  the  JHEMT  lumped-element  model.  The  magnitude 

of  this  resistance  is  proportional  to  the  specific  contact  resistivity  (in  £2- 
cm2)  of  the  gate  metal  to  the  p+-region  and  inversely  proportional  to 
the  gate  length.  The  scalability  issues  which  arise  due  to  the  presence 
of  this  second  gate  resistance  are  addressed  in  the  next  section. 

Finally,  the  total  gate  resistance  including  the  metal  feed 
resistance  may  be  written  as: 

R,  =  [231T 

t  *./«*  J  3ni  L^w  l^j 

Experimentally,  the  feed  resistance  accounts  for  at  least  10  percent12  of 
the  total  resistance  and  is  not  negligible. 

2.3.3  Gate  Layer  Design 

In  past  years,  the  junction  barrier  gate  has  not  been  the  leading 
gate  technology  for  m-V  FETs  due  to:  (i)  the  additional  gate  resistance 
associated  with  the  ohmic  contact  to  the  p-type  region,  and  (ii)  the  hole 
injection  from  the  gate  into  the  channel.  Further,  back  depletion  into 
the  gate  layer  effectively  increases  the  gate-to-channel  separation. 
These  three  issues  are  addressed  in  the  following  five  design 
philosophies. 

Design  Philosophy  #G1:  Low  Gate  Contact  Resistivity 

The  gate  metal-semiconductor  contact  should  have  a  low  contact 
resistivity.  As  discussed  in  the  previous  section,  the  additional  gate 
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resistance,  Rg2,  in  the  JHEMT  is  given  by: 


-Pc 


LtWt 


[232] 


erefore,  as  the  gatelength  of  the  JHEMT  is  reduced,  the  gate  contact 
resistivity  becomes  increasing  more  crucial.  A  plot  of  gate  contact 
resistance  (in  A-gm,  versus  gatelength  for  various  gate  materials  is 
s  own  m  Figure  2.8.  This  plot  makes  three  important  points  regarding 
e  design  of  the  gate  region  of  die  JHEMT.  First,  a.  long  gatelengths 
e  contact  area  of  the  gate  is  high,  making  the  gate  contact  resistance  in 


40 


Chapter  2 

equation  [2.31]  small  even  for  materials  with  higher  contact  resistivity. 
Second,  at  short  gatelength  such  as  0.2pm,  the  contact  area  of  the  gate  is 
small,  making  the  material  selection  of  the  gate  material  crucial  to 
maintaining  low  gate  contact  resistance.  Third,  there  is  a  distinct  trade¬ 
off  between  having  a  high  gate  barrier  and  having  a  small  gate  contact 
resistance  (/f<2),  especially  at  short  very  gatelengths.  Therefore,  for 

example,  it  is  quite  difficult  to  design  an  enhancement-mode,  0.1pm 
gatelength  JHEMT  which  operates  at  a  forward  gate  voltage  of  IV  and 
requires  low  gate  resistance. 

Design  Philosophy  #G2:  Optimize  Gatewidth 

Further,  the  optimal  gatewidth  may  be  found  by  minimizing  the 

expression  for  extrinsic  gate  resistance  shown  in  equation  [2.31]. 

Differentiating  with  respect  to  gatewidth  leads  to: 

dR  f  Rgee^l  1  O. 

P33] 

which  can  be  solved  for  optimum  gatewidth: 


For  the  0.2pm  gatelength,  p+-GaInAs  gate  JHEMT  (pe-3xl0'7£icm2f 

ft  / 

'Th' =2500 /mm,  n=2  fingers),  the  optimum  gatewidth  is  85pm.  For 
the  0.2pm  gatelength,  graded  p+-GaInAs/p+-AlInAs  gate  JHEMT 
-cmz,  **7^ =2500 /mm,  n=2  fingers)^  the  optimum 
gatewidth  is  345pm.  The  gatewidths  chosen  for  the  p+-GaInAs  gate  and 
the  P+-GaInAs/p+-AlInAs  gate  JHEMT  were  100pm  and  300pm, 
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respectfully.  The  expression  for  optimum  Ratewi . 

:  7s  such  as  ~ — *  Jrrr 

sign  Philosophy  #G3:  tow  Hole  Injection 

Hole  injection  into  the  channel  is  undesirable  TV 
prevented  by  inducing  a  large  barrier  for  hole,  (most  ""  ^ 
“>  the  form  of  A£^).  Similar  to  a  npn-HBT,  die 

-*  "  —  —  -  channel  to  t^  TT  ‘  hrge 

(ftom  the  gate  to  channel).  8  h  Current 

^^^»^^tDopingbtaxCt 

The  gate  region  should  be  doped  as  heavily  as  possL  to-  I 

*•  ■"*  depletion  in  the  gate  layer  „  ’  ° 

contact  resistivity  to  die  gate  region  and  -i  ’  *  ^  the  lowest 

potential  possible.  ’  provide  the  largest  gate 

Pecah  from  equation  d*e  bade  depletion  is  given  by: 

X’~  Na  [235] 

^zltzzz  2iir  the ga,e  re8i°n'  *"*  ^  d^°» 

capacitance.  Increasing  the  acceptor  concentrabo  , 

contact  resistivity.  For  d+-T  t  a  "  ^  results  lower- 

achieved  is  3xl0-7n.cm2  whjch  Z°1XF1020Cm'3)'  ““  C°I"ae' 

gatelengths  (e.g.  0.2pm).  Finally  the”  ^  ^  ^  SUitaWe  ^  *** 

Y‘  *e  eIertro"  huilt-in  potential  of  the 
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diode  increases  with  increasing  acceptor  doping  up  to  a  maximum, 
which  is  the  energy  bandgap  of  the  gate  material. 

Design  Philosophy  #G5:  High-Aspect-Ratio/FuIIy  Ionized  Donor  Layer 
There  are  two  requirements  of  the  modulation-doped  layers 
under  the  gate  layer.  First,  the  gate-to-channel  separation  must  be 
scaled  proportionately  with  the  gatelength  so  an  aspect-ratio's  ( V  , 

Of  at  least  6  is  maintained.  This  provides  a  high  voltage  gain  (%)  and 
a  high  capacitance  ratio  (%),  which  assures  high  power  gain. 

Second,  the  thickness  and  doping  of  the  donor  layer  are  such  that  all 
the  electrons  in  the  donor  layer  are  depleted  at  equilibrium  and  remain 
depleted  under  any  desirable  bias  condition  (e.g.  forward  gate-voltages). 

This  ensures  that  parasitic  MESFET  conduction  wtil  not  occurs. 
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Chapter  3 

JHEMT  Process  Technology  and  Material  Characterization 


The  key  to  achieving  uniformity  in  the  gate  region  of  the  JHEMT  is 
the  preservation  of  the  gate-to-channel  separation.  To  this  end,  the 
fabrication  process  is  designed  such  that  the  gate  variations  observed 
across  a  wafer  are  exclusively  due  to  non-uniformities  in  the  MBE  growth. 
In  this  chapter,  the  fabrication  process  is  described  for  the  mm-Wave 
JHEMT  including  the  regrowth  process.  This  is  followed  by  a  summary  of 
the  two  ohmic  contact  technologies  utilized  in  this  work  to  fabricate 
JHEMTs.  Finally,  the  procedure  used  to  characterize  the  JHEMT  epitaxial 
structure  is  discussed. 

3.1  Fabrication  Process 

The  fabrication  procedure  of  the  JHEMT  is  influenced  most  heavily 
by  the  ohmic  contact  technology  and  the  gate  technology  utilized.  The 
source  and  drain  contact  may  either  be  regrown  or  alloyed  to  achieve 
electrical  contact  to  the  2-DEG  of  the  JHEMT.  The  gate  contact  chosen 

may  comprise  either  a  refractory  metal  or  a  non-refractory  metal  (e.g. 

.  .  2  .  '■  ..  . 

transition  metal,  noble  metals),  and  may  have  been  formed  using  either 
optical  lithography  or  e-beam  lithography.  These  technological  choices 
ultimately  determine  the  fabrication  procedure.  This  section  focuses  on 
the  regrowth  procedure,  then  discusses  the  JHEMT  process  using  a  non¬ 
refractory  gate  metal. 
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3.1.1  Regrowth  of  Ohmic  Contacts  by  MOCVD 

Growfoofthelafocematchedn-I nGaAs  contact  layer  was  achieves 

MOCVd*88111* melal’0rSaniC chemical  vaP°r deposition  (MOCVD).  fn* 
VD  regrowth  was  accompIished  by  Ma..d  Hashemj  and  ^ 

"m  UCSB'>  71,6  SOUrces  were  trimethylindium  (TMI) 

sour  rCT  ',yPeS0UrCeI'  liquid  organometallic  group  V 

Bubb?  ^  PUrChaSed  fr°m  Aif  Products  Chemicals,  Inc. 
er  emperatures  were  kept  at  5°C,  -10"C  and  20*C  for  the  TEA 

TMGa,  and  TMIn  sources,  respectively.  To  eliminate  organometallic  vapor 

the  bT"  411  “*  316  "***  ^  *«»  the  output  of 

lets  to  the  injection  manifold.  The  reactor  employs  two  separate 

injection  manifolds  to  keen  erntm-v  a  SCp 

,  PS1  P-  and  group-m  sources  separate  until 

*ey  are  mixed  inunediately  upstream  from  the  susceptor.  This  design 

was  unpietnented  to  avoid  any  adduct  formations  that  might  occ^ 

Between  foe  group-m  alkyls  and  the  organometallic  group- V  sources. 

Before  regrowing  the  contact  layers,  foe  bulk  InGaAs  doping  ' 
characteristics  with  TBA  anH  ■  ■ 

j,  t  ^  dlS,iane  were  optimized2.  A  ISO  ppm 

d-lane  m  hydrogen  nature  is  used  for  n-doping  of  InGaAs.  Unear 

v^  wtde  range  of  condidons.  For  completeness.  Appendix  B  shows  a 
piot  of  now-rate  of  foe  disiiane/hydrogen  mixture  versus  carrier 

concentration  at  room  temperature.  A  relatively  hieh  n  drm- 
of5xl0l9~-s-  .1.  r„  nvelv  high  n-dopmg  saturation 

cm  »m  foe  InP  is  achieved  when  using  IBP.  For  foe  n-InGaAs 
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regrown  contact  layer  a  doping  level  of  2xl013  crrr3  was  employed.  The 
best  undoped  Ino.53Gao.47As  epilayers  had  77K  mobilities  of 
59,000cm2/V-s  and  unintentional  background  impurity  level  of  5.5xl015 
cm-3. 

At  a  growth  temperature  of  600°C  and  reactor  pressure  of  100  Torr, 
good  selectivity  was  achieved  and  no  deposition  was  observed  on  the 
oxide  mask.  The  sample  was  initially  heated  up  to  650°C  for  3  minutes  to 
remove  the  native  oxide  layer  and  produce  specular  morphology 
regrowth.  Complete  selectivity  of  the  regrown  InGaAs  was  obtained 
because  of  the  increased  diffusivity  of  the  column  m  species  at  100  Torr. 
The  growth  rate  for  regrown  InGaAs  epilayers  in  the  device  structure  was 
approximately  llA/sec.  A  V/m  ratio  of  22  ensures  specular  surface 
morphology  at  100  Torr.  A  total  gas  flow  rate  of  5.5  slpm  was  found  to 
yield  a  uniform  film  deposition  in  our  system. 

The  complete  regrowth  process  is  summarized  in  the  flow  diagram 
given  in  Figure  3.1.  First,  SiOx  (typically,  1000 A)  is  deposited  using  an 
ECR  Plasma-Therm™  oxide/nitride  system.  Using  optical  lithography 
and  the  ohmic  level  mask,  the  source  and  drain  windows  are  opened  in 
the  l^m- thick  A Z  P5214  resist.  Next,  the  exposed  oxide  is  etched  back  to 
the  wafer  surface  using  CF4  plasma  (100W/300mT).  The  oxide  etch-rate  ~ 
varied,  but  was  typically  150-200A/minute.  Once  the  oxide  was  believed 
to  be  removed,  the  sample  was  dipped  into  concentrated  Buffered 
Hydrofluoric  Acid  (BHF  or  BOE3)  for  5  seconds  to  ensure  complete 
removal.  Then,  the  gate  layer(s),  barrier  layer,  donor  layer,  spacer  layer. 
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process.  H°W  diagram  representing  the  ohmic  contact  regrowth 
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Figure  3.2.  Etch  rate  calibration  of  the  phosphoric  add  solution  used 
during  the  ohmic  region  etch.  From  the  slope  of  the  line,  the  etch  rate  of 
the  H3PO4:H202:H2O  solution  is  20A/s.  The  material  used  for  the 
calibration  is  GalnAsrBe  (p=5xl018  cm*3). 
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and  the  top  100A  of  the  channel  were  rerun  J 
0(3:,:50).  The  CalnAs 

Figure  3.2,  is  1200A/mm  u  solution,  from 

UUA/mm  when  stirred  at  200RP1U  D  , 

sample  into  the  reactor  the  samnl  loading  the 

above  the  wafer  surface.  growth  at50oA 

—MBOEtoremoveUieSiO  ^  ^  * 

3.1.2  mm-Wave  fHEMT  Fabrication  Process 
As  mentioned  in  ChaDter  in,  . 

fabrication  of  the  fHEMT  and  the  "* 

HEMT  *e  recess  etch  precedes  *e  ,  e  ^ess  etch  .  In  the 
comparison,  the  recess  (or  ^  <k*>°Slhon  f*16  8a*e  metal.  By 

e  recess  (or  access  region)  etch  in  the  IHFMT 

•he  gate  metallisation.  The  isolation  (mesa)  etch 

deposited  in  order  to  prevent  eatel  v  «™rs  after  the  gate  is 

order  in  which  the  ohmic  metal  is  dw  ^  a,°"S  **  mesa  sidewaU<-  The 

•he  other  steps*.  However,  if  dependent  on 

temperature  anneal,  then  th  e  °  mic  contacts  require  a  high 
temperature  treatment.  #  ^  metal  mUSt  ^  ^  *°  Withs*“d  *e 

for  two  reasons,  “  "“Sate  metal 

-ist  technology  used  to  form  ^ 

resistivity  to  p+-GaInAs  an*  S  *  S*x*nd* Iow  contact 

y  -v^ainAs  are  achieved  usine  Ti/Pt/  a 

2.10.  However  it  i*  nh  .  g  t/Au*&  shown  in  Figure 

ever' Jt  is  observed  that  TiPtAi,  r,,^  , 

TrPtAu  gate  metal  penetrates  through 
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the  gate  region  at  a  temperature  of  330-340°C  Since  the  ohmic  contact 
alloy  temperature  is  typically  350-355°C,  the  gate  must  be  deposited  after 
the  ohmic  contacts  are  alloyed.  The  cross-sections  given  in  Figure  3.3 
summarize  the  main  process  steps  used  to  fabricate  the  mm-Wave,  p+- 
GalnAs/n-AlInAs/GalnAs  JHEMT. 

Source/Drain  Metal  Contacts 

First,  the  source  and  drain  contacts  are  deposited 
(M(100i)  /  AuGe(900A)  /  Au(2000/i))  in  an  e-beam  metal  evaporator.  The 
surface  oxide  is  removed  by  dipping  the  sample  in  BOE  for  5  seconds  and 
rinsed  for  2  minutes  prior  to  loading  the  sample  in  the  evaporator.  Then, 
these  metal  contacts  are  directly  deposited  on  the  p+-GaInAs  gate  region. 
The  deposition  of  the  contacts  on  top  of  the  p-region  rather  than  recessing 
them  into  the  p-region  is  the  topic  of  discussion  in  section  322 

Implant  Isolation 

The  wafer  is  selectively  implanted  with  Boron  atoms  to  isolate  both 
the  active  devices  and  the  test  structures  (e.g.  TLM  patterns).  (The 
implant  was  accomplished  by  Bob  Wilson  of  Hughes  Research 
Laboratories).  Isolation  at  this  stage  enables  step-by-step  monitoring  of 
device  parameters  such  as  contact  transfer  resistance,  sheet  resistance,  and 
current  density  throughout  the  rest  of  the  process.  The  dose  and  energy  of 
each  implant  (as  shown  in  Figure  3.3)  were  selected  to  obtain  a  desired 
range  and  straggle  of  Boron  impurities. 

Anneal 

The  source  and  drain  metal  contacts  are  alloyed  through  the  gate 
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Step  2:  Implant  Isolation  (Boron): 

1)  lOOkV,  2x1012  cm*2 

2)  50k  V,  1x1013  cn-2 

3)  20k  V,  2x1013  cm-2 

4)  10k  V,  5x1013  cm-2 
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Step  4:  Sub-micron,  T-Shaped  Gate  Formation; 
Bi-Level  Resist  Process 
Ti/Pt/Au/Ni,  500A/500A/3000A/1000A. 


xxxxxxxxxxx 

XXXXXXXXXXX 

ffflKpSi 

*  ’  -  -I 


HP 

g&DKKS  ■ 


2-DEG 


Step  5:  Mesa/Gate  Pad  Isolation: 

H3P04;H202:H20, 3:1:50. 


vxxxxxxxxxy 
^Alloyed 

E3*ST 


2-DHG 


gross 

|\\\\  \XXX> 
JXXXXXX\XXX> 
|XXXXXXXX\X^ 

^Alloyed  >* 
>x»xxxxxv 


Step  6:  Gate  Recess  (Access  Region)  Etch: 

H3P04:C6H807:H202:H20, 1:100:10:400. 
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Figure  3.3.  (continued) 
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Step  7:  Meta]  Overlay: 

Ti/Pt/Au,  1000A/1000A/3000A. 


Figure  3.3.  (continued) 


to  be  "  e  “ at  a  "hid,  is  previously  detmnined 

O  be  die  optimal  e.Ioy  temperature.  The  optimum  condition  was 
detemuned  to  be  355-  for  50  second.  Section  3.2  discusses  the  TLM 
measurements  which  were  used  to  determine  the  optimum  anneal 

^  h  addlMon'  «Uoyed  ohmic  contact  technology  and 

compZTGaInAS  (n°n'aUOyed)  0hmic  “  ^<»ogy  are  also 
Sub-Micron  Gate  Formation 

work  )  1, different  0J,Un  8at*  Ien8‘h  structures  we"  studied  in  this, 
ork:  i)  a  tnanguiar-shaped  gate,  and  ii,  a  mushroom  or  reaped  gate 

(  e  e-beam  gates  were  written,  developed,  and  inspected  by  Mark 

to  :rr Hushes  Research  utora,ories> T^ped  gat*  ^  0^ 

e  metal  end-to-end  resistance  which  determines  the  gate  metal 
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resistance  according  to  equation  [A.9]  (See  Appendix  A).  In  Figure  3.4,  the 
metal  end-to-end  resistance  of  each  gate  geometry  is  given.  Clearly,  by 
utilizing  a  T-shaped  gate,  the  metal  gate  resistance  of  a  0.2*im  gate  JHEMT 
(or  HEMT)  may  be  reduced  by  more  than  a  factor  of  3.  The  T-shaped  gate 
is  defmed  using  a  bi-level  resist  process.  The  gate  metal  is 
(Ti(500A)/ Pt(5Q0A)/ Au(3000A)/ M(ioqqA)),  where  the  Ni  cap  on  the  gate  metal 

is  included  to  protect  the  Au  in  cases  where  the  mesa  is  dry-etched  in  a  Cl2 
R.I.E. 


Figure  3.4.  The  metal  end-to-end 
different  geometry's. 


resistance  of  the  0.2nm  gate  with 


Isolation  Mesa 

Then,  the  isolation  mesa  is  defined  using  a  stirred  solution  of 
H3P04:H202:H20  (3:1:50).  This  isolation  mesa  etch  in  the  JHEMT  has  two 
purposes.  First,  the  mesa  isolates  the  active  region,  similar  to  the 
Schottky-gate  HEMT  process.  Second,  this  etch  also  undercuts  the  gate 
feed  mto  the  active  region.  Undercutting  the  gate  feed  effectively  isolates 
the  gate  pad  from  the  intrinsic  device.  Further,  if  the  isolation  mesa  is 
defined  using  a  Cl2  R.I.E.,  then  the  dry  etch  must  be  followed  by  a  wet 
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etch  in  order  to  isolate  the  gate  pad. 

Gate  Recess  Etch 

Afterwards,  the  access  regions  are  defined  using  a  settied  citric 

abased  soiufion  Of 

aadwaspurofiasedfronrWfiChen.icalfiupp,,.  The  data  (from  an  etch 

experiment)  used  to  determine  the  etch  rate  of  the  solution  is  given  in 
■sure  3.5.  The  purpose  of  the  gate  recess  etch  is  fivefold.  First  the 

“  ^  ^  d~  —  -  footprint  is  defi^T 
2  ”  'b6  SCh°ttky'Sa,e  ^  "««  *e  metal  footprint 

atermmes  the  electrical  gateleneth  Samj  u,  , 

when  ^  surface  Potential  drops 

en  the  p  surface  layers  are  removed,  reducing  the  channel  sheet 

resistance  m  the  access  regions.  The  variation  of  the  sheet  resistance  with 
recess  etch  ts  the  main  topic  addressed  in  section  3.3. 

Overlay  Metal 

den  .ry'  ,he  OV6riay  metal  immi)l  -P'aooo^)  /  Au(3000A))  is 
m  o^er «°  Provide  a  good  thick  contact  layer  for  all  subsequent 

ZTT  ^^hyerproVid“e-^^^mi2ave  . 

tested.  ^  PreVentS  **  pTObes  fa>m  teing  damaged  when  the  devices  are 

The  interested  reader  is  directed  to  Appendix  C  where  the  JHEMT 
process  traveler  is  given  detailing  each  of  the  main  steps  discussed  here. 

3.2  Ohmic  Contact  Technology:  Contact  Transfer  Resistance 

PUtPOSe  °f  **  8eCtfon  *  *>  compare  and  summarize  the 
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£5”  t:  E,Ch  Jate  cahbraMon  of  *e  citric  add  based  solution  use, 
dunng  the  recess  (or  access  region)  etch.  From  the  slope  of  the  line  th 
etch  ra  e  of  to  HsPOarCsHsO^dfeO  solution  fa  8-9“  Th 
matenal  used  for  the  calibration  is  GaInAs:Be  (p=3xl019  cnr3^ 


results  of  the  two  ohmic  contact  technologies  studied  in  this  workK 
specifically:  1)  non-alloyed  regrown  ohmic  contacts,  and  ii)  alloyed  AuGe 
ohmic  contacts.  Both  contact  technologies  were  studied  on  Ijim  and 
0.2nm  gatelength  JHEMTs.  . 

3.2.1  Regroum  Ohmic  Contacts 

Non-alloyed  regrown  (n+-GaInAs)  ohmic  contacts  were  studied  on  .... 
two  single-modulation-doped  wafers.  The  regrown  regions  of  both 
wafers  start  approximately  100A  into  the  channel  as  discussed  in  section 
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3.U.  The  contact  transfer  resistance  of  the  two  wafers  is  sumn,  •  „  . 

Retire  if,  ru  re  ls  summarized  in 

aZ  F  7' “^-^ceofthewaferswaso^andos 

.osar;  r8ate,m8"^'^e^^-- 

•  «,  then  the  majonty  of  the  total  transit  delay  will  be  parasitic 

delay  (dominated  by  high  source  and  drain  resistance)  as  describe  by 

77“’- 


*  - l  LULLS 

GaInAA;td  0hmiC  Were  -died  on  the  p*. 

C^/n-AlfnAs/Cafn.sJH.MTsfencmre.  the  thickness  of  the  ^ 
mAs  gate  region  (p=l*10*>an-3,  was  20oA.  ^ 

salT8  7  metal  *"  fato  ^  w“  studied  using  two 

ample.  The  control  wafer  consisted  of  TLM  structures  fabricated  (re 

cTr^  ““  b0laa°n  Pr°CeSS  "**«  recessing  the 

”  Slmp,y  P,adng  *“  «  ^  200A-thick,  p^alnAs.  The  test 

wafer  consisfed  of  TLM  structures  fabricated  by  recessine  the  , 

150A  into  the  200A-thick  gate  region  On  both 

8  region.  On  both  samples,  the  contacts  were 
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alloyed  under  various  condition  to  determined  the  minimum  contact 
transfer  resistance  obtainable. 

The  highlights  of  the  TLM  experiments  are  given  in  Figure  3.7. 
TLM  data  at  350°C  for  both  samples  with  and  without  recessed  contacts 
are  shown  in  the  top  of  the  figure.  The  data  indicates  that  similar  contact 
transfer  resistance  may  be  obtained  whether  the  ohmic  contacts  are 
recessed  into  the  p-region  or  not.  Further,  in  the  bottom  of  the  figure,  the 
contact  transfer  resistance  is  plotted  versus  alloy  temperature.  At  350°C, 
the  contact  transfer  resistance  of  the  two  samples  is  very  similar,  But  at 
temperatures  below  350°C,  the  contact  transfer  resistance  is  lower  for  the 
test  sample  compared  to  the  control  sample.  This  is  attributed  to  the  fact 
that  the  non-recessed  contact  must,  first,  alloy  through  the  p+-region 
before  low  contact  transfer  resistance  to  the  channel  is  obtained. 

Technologically  speaking,  die  non-recessed  ohmic  contact  is  more 
advantageous  for  the  JHEMT  structure.  First,  no  precise  recess  etching  of 
the  metal  contacts  is  required,  thus  reducing  the  complexity  of  the 
fabrication  process.  Second,  eliminating  the  contact  recess  etch  eliminates^ 
the  trenching  at  the  source  and  drain  contact  edge  during  the  gate  recess 
etch.  The  trenching  occurs  because  die  lift-off  mask  is  undercut  during  the 
contact  recess  etch.  Once,  the  undercut  exists,  the  gate  recess  etch 
removes  more  of  this  undercut  region  causing  a  trench  in  the  final  device 
profile.  The  trench  is  evident  in  the  cross  section  shown  in  Figure  3.8. 
This  trenching  effectively  increases  the  source  and  drain  resistance, 
increasing  the  total  transit-delay  through  the  device. 
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gure  3.7.  TLM  data  for  recessed  ohm’ 
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Recessed  Ohmic  Contacts 

After  Ohmic  Contact  Metallization: 


ssgsisssg&s 

After  Gate  Recess  Etch: 

(&>r 

Trench 
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r—  • '  “ 

2-DEG 

■■■ 

Non-Recessed  Ohmic  Contacts 


After  Ohmic  Contact  Metallization: 


After  Gate  Recess  Etch: 


Figure  3.8.  Cross  section  of  die  JHEMT  with  recessed  ohmic  contacts 
(Left)  and  non-recessed  ohmic  contacts  (right).  The  trenching  which 
occurs  in  the  recessed  ohmic  contact  structure  effectively  i)  increases  the 

source  and  drain  access  resistance,  and  ii)  limits  the  maximum  channel 
current 


33  Material  Characterization 

As  stressed  in  the  previous  two  chapters,  the  large  barrier  potential 
of  the  p+-gate  region  in  the  JHEMT  depletes  the  carriers  in  the  channel. 
However,  as  this  p+-gate  region  is  removed  the  barrier  potential  is 
reduced  continuously  to  a  minimum  value  equal  to  the  surface  potential 
of  the  exposed  AlInAs.  Hence,  carrier  depletion  in  the  channel  region  is 
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icuuiCU. 


- electron  concentration  reduces  the  sW  • 

and  thereby  the  son™  a  .  ^  .  sheet  stance 

7  me  source  and  drain  resistance  is  reduced  Th~  , 

useful  to  understand  a  u  u  d*  Therefor^  it  is 

understand  the  behavior  of  the  sheet  resistance  as  the 

regions  are  etched.  *e  access 

An  additional  problem  arises  when  trvina  ^ 

>— *-a_  c 

second,  the  low  mobility  of  holes  in  th.  »„  Ag' 

measured  r  ■  T  esmthe  gate  region  contribute  to  the  low 

order, o  T  " *  rem°Ve  "*  * 

still  erroneous  and  leave  una  ,  '  meaSUIed  Va,ues  •» 

to  verify  tho  hr  experiment  in  order 

p  ii  y  ^  material  is  profiled  by  measuring  «*, 

a  s  eet  charge,  mobility,  and  sheet  resistance  as  a  functi  & 

deoth  TKo  u  ii  i  ^  tunction  of  etch 

ala  is  typically  measured  after  ever  20-30A  of  material  is 
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removed,  until  the  channel  is  etched  away.  Once  this  material  profile  of 
the  JHEMT  is  determined:  i)  the  quality  of  the  material  is  verified  by 
accurate  knowledge  of  the  electron  mobility  and  channel  sheet  charge,  and 
ii)  the  sheet  resistance  profile  provides  guidance  (during  the  gate  recess 

etch)  to  obtain  the  minimum  sheet  resistance  in  the  source  and  drain 
access  regions. 

The  material  profile  of  the  double-doped  JHEMT  (Wafer  #V1401)  is 
shown  in  Figure  3.9.  The  x-axis  of  this  plot  is  primsiily  in  time  (seconds) 
and  secondarily  in  units  of  etch  depth  (A)  [as  calculated  from  the 
approximate  etch  rate  known  from  the  slope  in  Figure  3.5]‘  .  The  plots 
may  be  broken  up  into  three  regions  as  shown  in  the  figure.  In  the  first 
region,  the  increase  in  sheet  resistance  is  because  the  conductance  drops 
slightly  as  the  p ■►•region  is  etched  away.  This  continues  until  the 
remaining  p+-surface  layer  is  fully  depleted.  Across  the  second  the 

surface  potential  drops  with  an  attendant  increase  in  the  channel  carrier 
concentration  and  electron  mobility.  The  net  result  of  the  lower  surface 
potential  is  lower  sheet  resistance.  In  the  third  region,  the  p+-region  is 
completely  removed  and  the  barrier  layer  is  slowly  etched  away.  As  the 
barrier-to-spacer  thickness  ratio  decreases,  the  electron  concentration  in 

the  channel  decreases  (see  equation  [2.9b])  and,  subsequently,  the  sheet 
resistance  increases. 
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3.4  Conclusion 

TTte  end-to-end  resistance  comparison  of  the  T-shaped  gate  and  the 
triangular-shaped  gate  suggests  that  the  T-shaped  gate  must  be  utilized  in 
order  to  achieve  low  gate  resistance.  The  high  contact  transfer  resistance 
of  the  regrown  ohmic  contacts  (0.45-0.5fl-mm)  reflects  the  immaturity  of 
the  regrowth  technology  and  is  not  yet  suitable  for  nun-wave  devices. 
The  TLM  study  of  alloyed  ohmic  contacts  suggests  that  equivalent  contact 
resistance  may  be  achieved  with  or  without  recessing  the  source  and  drain 
contacts  into  the  p+-  gate  layer.  Finally,  the  material  profile  of  the  sheet 
resistance,  mobility  and  carrier  concentration  versus  etch  time  provides  a 

means  to  characterize  the  material  as  well  as  calibrate  the  required  gate 
recess  etch. 
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Smgle-Doped  p+.AHnAtfn.AlImWG.faA,  JHEMTs 

...  4  deVlCe  StrUCtUre  myestigated  in  this  chapter  is  the  D+ 
AU^s/n-AlinAs/GalnAsJHEMT.  The  gate  barrier  is  determined  by  I ‘ 

lmn  and  n  9  '  8SeCa°ns-theP«fo™anceofboth 

^  ”d  °'2tUn  P-AUnAs/n-AUnAs/GalnAs  JHEMTs  with 

regrown  ohmic  contacts  is  reported  Tlu.fi,- 
0  2um  „„  . ,  ^  ed'  7,16  fabr,c^on  process  of  both  the 

des  b  •  m  8atelen8th  devices  deviated  from  the  mm-Wave  process 

red  — S'  ^-‘HeP^st eps  are  summarl^ 

each  device  reported  in  this  chapter. 

4.1  l>pm  Gatelength  p+-AIInAs/n-AJInAs/GaInAs  JHEMTs 

ShowntaeFP+AUnAS/n'AJInAS/GaInAS  ***  studied  are 

shown  in  Figure  4.!.  The  gate  structure  consista  of  SOOA  Dv  AIT  A 

(Be:5xl018cm-3)  followed  abruntlv  r  P+-AlInAs 

GalnAs  (Be:3xX01W)  The  o  7  ***  *  ^  P+‘ 

Liu  .  „  .  '  ^  °n8mai  structure  was  grown  by  T 

L;  °f  HU8h“  »“  Laboratories  using  a  Gas  Source  LE  £ 

electron  mobility  was  7800  and  38,000  cmWs  at  300K  httv 

N^thewaferwasCeavedbiml:!^^ 

went  through  the  regrowth  process  as  shown  in  Figure  3.1.  SampleB^ 
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j  300A  InGaAt  | 
2500A  AMnAs  Bufftr 
InP  Substrata 


0  300A  InGaAa  h 

2 5 00 A  AllnAa  Buffar 


InP  Substrata 


heterojuncnon  is  abrupt  and  both  Ltples  are  fro^the  ^tdf^ 
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placed*  ^  S‘0ra8e  tKe  procedure  was  completed 

Device  processing  of  both  samples  startpH  -*u  . 

refractory  gate  metal  fTa/ A  inn  A  W*  ePositi°n  of  a 

V  8  te  metal  (Ta/Au,  200A/2300A,  and  lift-off  to  define  a  1  urn 

8  ga  e  usmg  an  optical  lithography  process  (see  Appendix  C)  N 

gate  meta,  was  used  as  the  mask  for  dry  etching.  JL  “  ^  ' 

both  the  p+-ZnGaAs  and  the  p+-AUnAs. 

re-a lionet  j  n  source-dram  mask  was  then 

with  chlonne.  The  standard  THFtut  r  g  h' 

strip  heater  at  370°  C  for  3  seconds  (sample  ^  7”  ^  3 

— ^  -  w. . ,  c : ,  zzxz? : 

other  piece  wa<;  „  ,,  ^  while  the 

piece  was  left  non-alloyed  (sample  A-0). 

The  I-V  characteristics  of  l-ftm  x  150-pm  devices  from  h  u. 

A-0  and  samole  R-wn  ces  from  both  sample 

Phich-offcharL^rj^"^4-2-  "•**- 

A  Plot  of  fc  and  4  versus  V  ( V-^TT^  ^  CUn’em  denSity' 

—  ohmic  contacts  (sal , A Z  ^  ^ ^ 

_  .  A  is  shown  in  Fieurp  a  i  -ru 

maximum  e  of  tv.o  figure  4.3.  The 

8m  °f  the  Hun  gate  length  devices  ran.  ^  r 

240mS/mm.  S°d  from  22°- 

F°r  Mmple  A-°'  -grown  ohmic  contact  regions  the  ,  , 

contact  resistance  and  channel  sheet  resistance 

Q-mm  and  300  ohms  per  square,  respectively. 
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ohms  per  square.  Thus,  the  source  resistance  f 

B-370  were  sin,,'.  e  samPIe  A-°  “d  =«nF 

were  similar  and  calculated  to  be  0  71  o  „  * 

lu  De  u-/3  i2-mm  and  n  a*  n  _ 
respectively.  I„  addition,  the  s-paran,ete 

for  sample  A-0  vieldin  Par3meters  measured  from  1-40  Gh 
P“  A-«-  y-ldmg  values  of  22  GHz  and  75  GHz  for  (f  ,  an 

(fmu)  of  the  device,  respectively  which  r 

length  of  1pm.  ^  ^  ^  ^  °™^th  a  gat 

iZ'C^zz 
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voltages  achieved.  The  gate-drain  diode  characteristics  of  the  devices 
shown  in  Figure  4.2  are  presented  in  Figure  4.4.  The  two-terminal  gate- 
dram  breakdown  voltage  of  sample  A-0  is  approximately  31V,  which  is 
40 /<,  higher  than  the  22V  breakdown  measured  for  sample  B-370.  The 
two-terminal  gatedrain  breakdown  of  sample  A-350  was  20%  lower  than 

sample  A-0  but  was  still  better  than  the  gate-drain  breakdown  of  any 
device  from  sample  B-370. 

The  two-terminal  off-state  breakdown  has  been  attributed  to  impact 

ionization  of  electrons  injected  from  the  gate  into  the  channel*.  Further, 

the  ionization  rate  rises  exponentially  with  increasing  electric  fields.  The 

high  two-terminal  breakdown  voltage  obtained  for  both  sample  A-0  and 

sample  B-370  is  attributed  to  (i)  reduced  electron  injection  from  the 

undepleted  gate  into  the  channel  (which  suppresses  impact  ionization), 

and  (ii)  the  potential  drop  across  the  gate  depletion  region  under  reverse 
bias. 

A  detailed  analysis  of  the  improved  breakdown  was  not 
undertaken.  However,  one  possible  explanation  has  been  proved  in  a 
gemalized  two-dimensional  simulation  by  Mizuta  et  all  In  this  work  they 
analysed  the  effect  of  the  surface  potential  on  the  drain  electric  field  of 
GaAs  MESFETs.  An  increasing  surface  potential  (increasing  negative 
charge  on  the  surface)  relieved  the  electric  field  at  the  gate  and  enhanced  it 
at  the  drain.  We  believe  that  the  drain  field  can  be  further  enhanced  if  the 
contact  metal  was  spiked  as  is  the  case  for  alloyed  contacts.  This  could 
cause  premature  breakdown  of  the  gate-drain  diode. 
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Drain-Source  Voltage,  Vds  (V) 
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2  3  4  5  e 

Drain  Voltage.  Vd,  (V)  8 

4,  voyage  with  V„  =  -fl,j0 

=•  -  -  '«■  «*s  S5=2iS£  £it= 


«r,T r^iTr  ”i“t- 

nninal  breakdown  voltao-p  w  j  *• 

“  *-*« »%* as  the  **,  voltage ;  ^  *;;Are 

TT' —• 1  co^r 

w~  Tkdown  vo,tase  of  a  wca' device  *«  -»**  ^ 

was  28V  and  is  shown  in  Figure  4.5.  Th.  *,  . 

breakdown  voltage  differs  from  the  two-terminal  g^iTh  ^ 
voltage  by  the  pinch-off  voltage  applied  to  the  gate  electrode^  kreak<*OWI1 
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V2BV,off  =  V2BV,gd  ~  Vpo  [41j 

Hus  indicates  that  the  three-tenninal  off-state  breakdown  is  dominated  by 
the  same  mechanism  as  the  two  terminal  gate-drain  breakdown. 

We  define  the  three-terminal  on-state  breakdown  voltage  as  the  drain 

voltage  at  which  catastrophic  breakdown  occurs  when  the  device  is  biased 

at  4  '-A-  The  on-state  breakdown  voltage  characteristic  for  both 

sample  A-0  and  sample  B-370  is  shown  in  Figure  4.6.  The  catastrophic 

three-terminal  on-state  breakdown  voltage  occurs  at  4V  for  sample  B-370 

and  increased  to  TV  for  sample  A-0.  The  source-drain  spacing  of  sample 

A-0  and  sample  B-370  were  3.7pm  and  4pm.  respectively.  The  shorter 

source-drain  spacing  for  sample  AO  is  due  to  lateral  undercut  during  the 
etch  prior  to  regrowth. 


The  behavior  just  before  catastrophic  breakdown  occurs  for  the  two 
samples  is  different.  The  drain  current  of  sample  B-370  exhibits  sharp 
breakdown  behavior,  whereas  the  drain  current  of  sample  A-0  exhibits 
soft  breakdown  behavior  (in  the  form  of  slowly  increasing  drain  current) 
before  sharply  breaking  down.  The  increase  in  drain  current  (over  the 
dram  voltage  range  of  6-7V)  for  sample  A-0  is  registered  as  negative  gate 
current,  which  is  consistent  with  either  electrons  (injected  from  the  gate 
into  the  channel)  or  holes  (swept  from  the  channel  into  the  gate).  Injection 
of  electrons  from  the  gate  is  unlikely  due  to  the  undepleted  p*-gate  region. 
Therefore,  the  increase  in  on-state  breakdown  voltage  for  the  test  sample 
18  aftribUted  t0  suPPressed  hole  current  in  the  channel.  This  hole  current 
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may  originate  from  (i)  unpact  ionization  in  the  channel  „ 

a  “*** 

In  general  th0  J  n  fr°m  the  drain  metal. 

- «. «™,  *»,  z ,  r*  ‘“ti  -  "’*» 

7-* ■*■ 

non-uniformities  (e.g.  metal  spiking)  at  the  d  •  mefa' 

electric  field  to  rise  in  order  for  the  current  d  ””  “  "**”  ““ 
The  electric  field  at  the  d  *  ens»ty  to  remain  constant. 

channel.  In  the  case  of  n^-revrown  .  e  d  throughout  the 

conUctregionsincreaseswhichllrZtr6  COnd“^  ta  ^ 

Furthermore,  the  minoritv  e  e  ectric  fieid  at  the  contact, 

is  low  which  prevents  hi  ^  "+  d"ta  “««  ^ 

-eetormfoJhrelirrLT"^^ 

utilizing  non-alloyed,  regrown  n+  contacts.  ^  °^SerVed  ^  sample  A-0  by 
4"  °t  Ga,;len8th  ^^"-AnnAs/GalnAs  JHEMTs 

e  P  -AIInAs/n-AUnAs/GalnAs  IHEMT 

shown  in  Figure  4.7.  The  gate  structu  *  rUCtUre  5tUdied  “ 

-•3)  graded  over  "SOOAp^^ 

over  150A  to  a  p+-GaInAs  (3x1019 

grading  is  included  to  reduce  the  gate  contact  resisHv  tTlh  ^ 

epiiayer  structure  was  grown  by  Mark  Mondry  of  UCS^s  T 

76  7  or  ULSB  usmg  a  Solid 
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san  4.1X1012  cm-2.  The  MOCVD  regrowth  procedure  utilized  was 

previously  discussed  in  Section  3.1. 

Device  processing  of  the  regrown  sample  begins  with  the  re- 

AuGe/Ni/A  ^ ^  ^  ^  *  “*  “  ^  ^  — >ard 
■  u  ohnuc  contacts  are  evaporated.  Next,  a  triangular-shaped 

•  4m  gate  metal  stripe  of  Ti/Au/Ni  is  deposited  using  a  single  layer 

evice  structure  are  shown  in  Figure  4  8  wh#»r 

^  e  4*8,  where  the  regrown  ohmic 

A  plot  and  U  versus  V((  ( =1.5V)  of  a  0.2pm  x  50pm  device 

"  Sh<>Wn  fa  H8Ure  4  9-  “Id  voltage  is  -3.2V  and  the  full  channel 
current  is  450mA/mm  .  The  peak  *  at  V  -1  sv  •  «n_= , 

P  8m  at  is  250mS/mm  and  the 

IT!  ^  "  300mS/mm  *'  W  l0W  conductance  is 
Ut  to  *e  lu8h  Sate  'o  channel  separation  and  the  transconductance 
compression  near  -IV  is  due  die  onset  of  parallel  conduction  in  die  AUnAs 
°nor  aye  .  The  threshold  voltage  of  the  JHEMT  is  established  by  the 

c  ess  of  the  barrier  layer  and  increases  with  the  back  depiction*  into 
the  p+-gate  region. 
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Srr-  SEM  ’Vicr°8raPhs  of  *e  0.2pm  triangular-shaped  gate  (tor 
as  is  the  dry-etched,  vertical  sidewall  of  the  mesa.  y 
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•4.0  -3  0  *  M 

u  -2.0  .1  o 

u.u  ^ 

Gate  Voltage,  V  (V) 

compression  “ £  n^ond^alTe  ^T-  ^ 

conduction  in  the  AUnAs  donor  reeion  n,  18  due  >°  parallel 

The  contact  transfer  resistance  and  channel  sheet  resistance  were 
measured  to  be  approximately  0.5  fl-mm  and  330  ohms  per  square 

20Q  L.  ^“  measurements  '°  *  14«>  «-)  and 

contact  transf  ParaS,hC  reSiStimCe  “  d°minated  bX  *e  effective 
er  reststance  whrch  was  measured  from  TLM  patterns  to  be 
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used. 

A  plot  of  the  gate-drain  diode  characteristic  is  shown  in  figure  4.10. 
The  two  terminal  reverse  breakdown  voltage  is  -19V.  The  high 
breakdown  behavior  is  similar  to  the  1pm  gatelength  devices  discussed  in 
the  previous  section.  The  three-terminal  off-state  breakdown  voltage  is  15 
volts  and,  once  again,  differs  from  the  two-terminal  reverse  breakdown 
voltage  by  the  applied  pinch-off  voltage.  The  three-terminal  on-state 
breakdown  characteristic  is  shown  in  Figure  4.11.  The  three-terminal  on- 
state  breakdown  voltage  is  5.2V  for  a  source-drain  spacing  of  2.7pm 
compared  to  7V  for  the  1pm  gatelength  JHEMT  with  a  spacing  of  3.7pm. 

The  microwave  S-parameters  were  measured  on-wafer  using  a 
Wiltron  360  Network  Analyzer.  A  plot  of  gain  versus  frequency 
( V*  =1.4V,  Vp  =-2.4V)  is  given  in  Figure  4.12  revealing  the  (/t)  and  (fm) 

of  0.2pm  gatelength  device  to  be  62GHz  and  105GHz,  respectively.  In 
addition,  the  S-parameters  were  measured  versus  drain  bias  from  0.8V  to 
1.8V  at  V„=-1.3V.  The  bias  dependence  of  RF  cut-off  frequencies  for  the 
0.2pm  JHEMT  is  shown  in  Figure  4.13.  The  peak  (ft )  is  62GHz  at  V**1.5V 
and  the  peak  (f^)  is  108GH z  at  VA=1.8V.  The  cut-off  frequency  trends 
are  consistent  with  the  analysis  of  Hughes  and  Tasker7. 
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figure  4.12.  RF  gair,  veraur  frequency  for  the  O^un  gateleng*  JHEMT.  " 


84 


Chapter  4 


85 


(GHz) 


Chapter  4 


4.3  Synopsis  of  the  n+  a  ir  a  , 

JHEMT 

"*  hl«h  sate  potential  of  the  nt  an  . 

JHEMT  is  reflected  in  the  h'  1,  r  ‘AUnAs/n-AIInAs/GalnAs 

m  the  forward  turn-on  v«ifa 

410-  ^lis  J®  desirable  for  enhancement-mode  JHEMT 

f°r  W*h  SP““  ^tal  and  single  power  suddI  "  SUitabte 

our  current  regrowth  technology,  superiQ  Using 

demonstrated.  However  the  hi  h  down  characteristics  were 

^andm^lr^r-^^ 

technology,  fl,  future  desi  e  m  -""fwave  device 

-  **  achieve 

conduction  in  the  AlInAs  The  eed  0n"anCe  “d  SupPress  parallel 

»  Ml  ww 

In  the  Chapter  5,  the  following  asnert* 
sate  resistance  is  reduced  by  utilizing  a  T  shaoed  ^  ** 

end-to-end  resistance)  and  utilizing  a  gate  ^ 

”*" *  „„  h  .  ”” 

resistance  and  associated  parasitic  d  I  *  “d  dlain 

~  transfer  resist,  „  ^  ^  * 
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the  barrier  layer  thickness. 
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P  ^alnAs/n-AilnAs/GalnAsJHEMTs 

t  aif  o{  chapter,  the  perform 

smgle-doped  P-GalnA^.^  - 

advantages  of  the  p-GalnAs  ga(e  ^  “  ™ed'  ^ 
electrode  are  examined.  Next  a  e  over  a  P+‘AlInAs  gate 

GafciAs/n-AflnAs/GalnAs  wafen  ^  the  5in8le^oped  p ♦. 

Thedc 

JImrI  represented  along  with  evidence  to  s  “^»/GaInAs 

enussion  as  the  dominant  current  fl  UPP°«  thermionic  field 

—  -mth^^-^rddiode 

*  -  — r  layer  ^ 

microwave  performance  is  examin  d  •  V°ita8e'  ** 

parameters  and  noise  performance  at  120^  ^  Smal,'Si8naI  modeJ 

5.1.1  Layer  Structure 

The  layer  structure  of  th«  •  , 

AUnAs/GalnAs  JHEMT  is  similar  t0  *  Sm8  e'd°Ped  P^alnAs/n- 
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including  (i)  lower  gate  resistance,  (ii)  reduced  threshold  voltage,  and  (iii) 
a  more  flexible  fabrication  process.  The  following  subjections  look  at  the 
advantages  of  removing  the  p+-AltaAs  from  the  JHEMT  structure  and 
summarize  the  electrical  quality  of  the  single-doped  p-GalnAs/n- 
AlInAs/GalnAs  JHEMT  material  grown. 

5.11.1  Material  Advantages 

The  band  diagrams  of  the  p+-GaInAs/n-AlInAs/GaInAs  JHEMT 

and  the  p+-AUnAs/n-AlInAs/GaInAs  JHEMT  are  overlaid  in  Figure  5 1 

Fust,  by  the  removing  the  p-AltaAs,  the  valence  band  discontinuity  at 

*e  p  -GaInAs/p+-AlInAs  heterojunction  is  eliminated.  This  reduces  the 

gate  contact  resistivity  and,  subsequently,  the  gate  contact  resistance. 

Recall  from  Figure  2.8,  the  lower  contact  resistivity  is  most  significant  at 
short  gatelengths. 


Second,  the  thickness  of  the  gate  layer  may  be  reduced  by 

eliminating  the  P-AUnAs  from  the  gate  region.  This,  consequently 

allows  tire  gate  recess  etch  to  be  achieved  using  wet  etching  as  the  gate 

undercutis  reduced.  Subsequently,  the  Wangular-shaped  gate  used  in  the 

previous  chapter  (see  Figure  4.8)  may  be  replaced  by  a  T-shaped  gate, 

which  has  one-third  the  metal  end-k>end  resistance.  Recall  from  Chapter’ 

2,  this  directly  results  in  one-third  the  RF  gate  metal  resistance.  Therefore 

the  total  gate  resistance  can  be  reduced  by  utilizing  a  single  thin,  p+- 
GalnAs  gate  layer. 
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«8-«  5,  E  DiStanCefr0n,(heSUrf'”- “■”>  "  - 

^/n- 

barrier.  md  noteh  “  eliminetaj^flr^A^/GafeAs  JHEMT 

*e  expense  of  alowereS 

,he  CZZ  It  T™*1  may  “  ^  *«* 

stance,  fa  the  p-AilnAs/n-AIWr^  ^  ““  **1  pansi«' 
:ere  t0°  *»  achieve  iow  comact  *?**•  *•  »*  iayers 

' 1116  0hn,fc  “"tact  regions  were  reCTO  "  reS,StanCe  to  ““  cha™et 

layers  were  added  to  thesC^Wre^W^addia°^^h>P 

P^-AUnAs.  i,e  pt^I  *  d0Ped 10  Ugher  values 

tpter  were  **-  *-  **.  rtr"  r **  ^  »  ** 

^  ~  M  *  «*-  m  addition  to  .  ^  ^  <*> 

lower  gate  contact  resistance. 
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higher  acceptor  doping  results  in  less  back  depletion,  and  therefore  a 
lower  threshoid  voltage.  First,  the  back  depiction  front  ntoduladon  doped 
ayers  into  the  gate  region  is  inversely  proportional  to  the  acceptor  doping 

“  the  8ale  lay"  (a<xordinS  to  equation  [2.19]).  The  back  depletion 
effectively  increases  the  gatettxhannel  separadon,  which  degrades  the 

aspect  ratio  of  the  device.  Therefore,  by  sintply  increasing  the  acceptor 

oping  in  the  gate  region  from  5x1018  cm-3  to  1x1020  cm-3,  the  aspect  ratio 

of  the  JHEMT  is  improved  by  45  percent..  Second,  the  second-term  in  the 

enved  expression  for  threshold  voltage  (equation  [2.23]),  is  inversely 

proportional  *  the  acceptor  doping  in  the  gate.  This  term  is  negligible  if 

the  gate  IS  doped  extremely  high  (e.g.  1x1020  cm-3),  and  the  threshold 
voltage  is  less  negative. 

5. 1.1. 2  Material  Characterization 

The  single-doped  p+-Ga!nAs/n-AlInAs/GaInAs  JHEMT  structure  ' 
is  shown  in  the  top  of  Figure  5.2.  Al,  four  struchnes  were  grown  by  T.  Uu 
of  Hughes  Research  Laboratories.  The  thickness  chosen  for  the  gate 

region  was  200A  for  all  the  wafers  studied.  Further  the  donor  layer  sheet 
charge  was  constant  a.  5x1012^-2,  but  of  ^  ^ 

was  varied.  The  table  given  in  the  middle  of  die  figure  shows  the 
variations  in  ga.edayer  doping  and  layer  thicknesses  of  the  four  wafers 
studied.  For  each  of  the  gate  layers  studied,  the  depletion  due  to  the 
surface  potential  p,us  the  back  depletion  was  less  than  I00A2  The  Hall 
the  four  p+-GaInAs/n-AlInAs/GaInAs  JHEMT  waters  is  tabulated 
m  lhe  b0tt0m  0f  HgUre  “  ^  accuracy  of  the  tabulated  sheet  resistance 
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is  within  10%  of  the  actual  value  sheet  resistance  measured  on  the  device 
wafer. 

As  shown  in  the  hall  measurements  for  thin  spacer  layers,  the 
mobility  is  lower  for  a  planar-doped  donor  region  versus  a  distributed- 
doped  donor  layer.  A  plot  of  room  temperature  election  mobility  versus 
spacer  width  (for  bod,  planar-doped  and  uniformly-doped  donor  layers) 
is  shown  in  Figure  5.3,  where  the  JHEMT  mobilities  are  comparable  with 
the  mobilities  reported  by  Nguyen  and  co-workersS.  Further,  a  maximum 
sheet  charge  (25xlO>W)  and  low  sheet  resistance  (less  than  3000/sq)  of 
the  JHEMT  structure  are  achieved  after  careful  removal  of  the  p+-GaInAs 
layer  which  lowers  the  surface  potential. 

The  material  profile  of  the  single-doped  p+-CaInAs/n- 
AlInAs/GalnAs  JHEMT  is  shown  in  Figure  5.4.  The  minimum  sheet 
resistance  obtainable  in  the  access  regions  is  determined  by  the  minimum 
value  in  the  sheet  resistance  profile,  which  is  29012/sq.  The  steep  rise  in 
the  sheet  resistance  after  this  minimum  value  indicates  the  complete 
removal  of  the  gate  layers  and  the  on-going  removal  of  the  barrier  layer*. 
This  is  accompanied  by  the  decline  in  both  electron  sheet  concentration 
and  electron  mobility  as  shown  in  the  material  profile. 

5.1.2  DC  Characteristics 

5. 1.2.1  Three-Terminal  Characteristics 

The  width  of  the  single-doped  P+-GaInAs/n-AlInAs/GaInAs 
JHEMTs  studied  were  50  and  100pm.  The  record  results  from  devices 
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with  0.2nm  gatelength  are  present  below.  Plots  of  /„  versus  v„  and  . 
»d  /*  versus  V,.  (V,=,5V,  are  shown  In  Figure  5.5.  The  fuU  channel 
current  and  dc  transconductance  shown  for  a  iOOpm  device  Is 
mm  and  520mS/mm,  respectively.  The  improved  dc 

^conductance,  over  p-AUnAs  gate  JHEMTs,  results  hum  reduced 
source  resistance  as  well  as  the  high  aspect  ratio. 

Tfce  source-drain  and  gat^source  spacings  are  2pm  and  0.5pm 
respechvely.  The  contact  transfer  resistance  and  channel  sheet  resisfence 
wem  measured  to  be  approximately  0.4  G-mm  and  300  ohms  per  square 

ZIT  7116 ~—t»ce,determmed from foLrd 

btas,  three  terminal  gate-diode  s-parameter  measurement  to  be  5.5G  (0  55 
Q-mm,  and  7.5G  (0.75G-mm)  for  the  100pm  wide  device. 

5.1.22  Two-Terminal  Characteristics  . 

Reverse  Gate-Drain  Diode 

'  A  plot  of  the  reverse  gate-drain  diode  characteristic  is  shown  in 
-Sure  5.6.  The  two-temunal  gate-drain  breakdown  voltage  is  -10V  for  a 
•5Mm  gate-drain  spacing.  The  lower  twcterminal  breakdown  voltage 
compared  to  the  0.2pm  gatelength  p+-AllnAs  JHEMT  reported  in  Chapter 

' 18  “  to  ®  3  spacing  resulting  from  scaled 

“  d“m'  “d  »  “to  of  the  potential  drop  across  the 
gate  depletion  region  by  removal  of  the  p-AUnAs. 

Forward  Gate-Drain  Diode 

A  plot  of  the  forward  gate-drain  I-V  characteristic  is  shown  in 
■gore  5.7.  The  room  temperature  forward  ham-on  voltage,  defined  at 
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Figure  5.7.  Forward  gate-drain  diode  characteristic  of  the  p+-GaInAs/n- 
AlInAs/GalnAs  JHEMT. 
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1mA /mm  gate  .  . 

6  current,  is  0.57V.  From  m  u 
GaInAs/n.A)InAs/GaJnAs  ^  ^  *a8»m  of  the  p, 

considerably  lower  than  the  election  barrier  (1 3eV^  ^  ,h’S  ^  'S 

'^r/^  barrier  layer  he.ero.ir.terlace  ra  /  eP+^8ate 

forward  diode  characteristics  was  undertaken  “  °f 

Forward  Gate-Drain  Current  Model  ^ 
possible  current  fin* 

AUnAs/GalnAs  JHEMT  diode  under  forwan^bi  ^  ^  P*'GaI"AS/n- 

71,8  four  possible  components  of  cu  ”  RgUre 

electron  current, (yj,  over  fte  bartCTT"‘ "*  ^  fhem'i°niC  “^i0" 

electron  current,^),  at  ^  emission 

recombination  currently  )  bv  ^  °f  the  barrier,  (c) 

GalnAs/AlfnAs  hetero-in"^  ^  "  *  P+’ 

CUnenMy*)-  ^  interface-, rap  densitl  ^  h°,e 

recombination  current  is  neglected.  AUo  JJ^  ^ 

negbgible  for  voltages  much  smaller  than  th  “  **“  “Sumed 

total  diode  current  is  approximately  equal  to:"  ** 

^  total  current  density  from  n,  c  ^ 

GalnAs/n-AHnAs/GalnAs^fEhfT  diodel  g^by  ^  ^  P" 

“e  q  h  *e  fundamental  electron  charge  v  is  th  ^ 
perftendicular  to  the  heterojunction,  T(v  ,  h  ^  Ve'°^ 

aCr°S5  potential  (i„  the  gate  blrrier 

C  ^  and  ^  “  tbe  density  of 
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electrons  with  perpendicular  velocity  between  v,  and  v!  +  rfv  the  lower 
hnut  of  integration,  v0,  is  the  initial  electron  velocity  referenced  to  the 
bottom  of  the  conduction  band  in  the  channel.  The  transmission 
probability  across  the  gate  barrier  (or  gate  potential),  T(vt),  i,  calculated 
by  numerically  solving  the  Schrodinger  Wave  Equation  using  the 
propagation  matrix  (P-matrix*  The  P-matrix  formalism  is  extremely 
useful  for  electrons  being  scattered  by  a  non  constant  potential,  which  in 
this  particular  case  is  the  gate  potential. 
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17,6  g**°  potential  used  in  the  calculaH 
Bandprof6,  which  ^  ^  "«  Elated  using 

Poisson's  Equation  and  the  Schrodinger  VVaTe 7^'  ^ 

band  as  a  function  of  the  applied  gate  bias  ‘ 

energy  reference  is  the  conduction  band^^^5'9' 

^Pacer  layer/GafcAs  channel  layer heter^ul?6  ^  AUnA° 

CUrrenf  at  each  gate  bias,  the  non-const  ”  *  **  ^  T°  alcuIate  *e 

7d)  was  ^  a — of  jzzr  (ie‘ 46  conducti°n 

0W"  W  F,Sure  *•»,  where  the  select  H  '  COnSt“*  P°tenHab  « 
previously  defined.  n,e  P.malr.  .  *  referen“  is  £„  as 

^-ctureand.subsequZT::^  *>'  *  »,«- 

transmission  probability  across  the 

8ate  potenliai  (given  in  Figure  Z  “  83,6  ^  fo"he  three  ' 

otdtcates  that  there  is  high  probability^  Z7  ^  P'0t 

triangular  potential  barrier.  ^  L  .,  0nS  to  h““'el  through  the 

r ush  - ba-  —  wweh — 

Prgure  5.12  shows  the  calculated  current.  .  °"  V 

^P^^/n-AUnAs/CahAsmZ^^'^^^^ 

*at  the  total  current  density  is  dom-  8atediode-  ^  Plot  shows 
lh^gh  gate  barrier  a,  g^  vtr^  ^  ^  ~ 

experimentally  verified  by  low  temp  ^  ^  IV< 

102  6  c  me  measured 
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Actual  Non-Constant  Potential  Barrier 
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Figure  5.12.  Calculated  G“e  Volt**‘.  vg  iv, 

^r^taaasaK-f. 


current 
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calculated 


gate  current,  resulting  in  Figure  5.13.  The  calculated  gate  current  predicts 

that  the  measured  tum-on  voltage  is  -  0.57eV,  significantly  less  than  the 

peak  barrier  of  1.3eV.  Purther,  the  energy,  where  fire  transmission 

probability  sharply  rises,  suggest,  that  the  tum-on  voltage  of  p+. 

GalnAs/n-AlInAs/GalnAs  JHEMT  diode  is  determined  by  the  bandgap 

of  the  p-type  gate  material  and  not  the  peak  potential  of  the  AllhAs  barrier 
layer. 

5«I«3  Threshold  Voltage 

the  threshold  voltage,  of  the  device  shown  in  Figure  5,5,  is  -0,8V. 
The  reduced  threshold  voltage  over  the  0.2pm  gatelength  p*-AlInAs 


/HEMT  is  directly  attributed  to  a  reduced  bam'e  , 

voltage uni/ormily.  *"** 

channel  separation  determined  by  the  6  ****  83f<K°- 

gr0Wn  by  **«*»  Beam  Epitaxy  (M  bT  plT  ^  'h^3 
315x1  **  sample  from  wafer  V  307  ^  ^ 

WaS  »y  linear  extrapo,aii„n  of  1  ^ 

~  --SethreaholdL;:^^^^ 

F,gure  5-«  contains  a  histogram  sh aJ  u  ^  Was  -788V. 
™%e.  The  standard  deviation  of  ^ 

w«13.7mV.  This  standard  deviaho  •  **  °f  0,6  50  devices 

deviation  of  1pm  gateiength  enhanced  ZoZb^  ^  ^ 

■*-»  !**  * 

1986.  7  UJa  ana  coworkers7  in 

floyer  and  doping)  *  eS'abm«‘  by  the  MBE 

'ayerthicknessva^.^b^ ”* 
7^  -^-yaccoirr.r 2%aa--1-1 

v°itage.  ta  addiHon  fte  °mV  SP»  B*  *e  Uireshold 

hmction  of  the  gateiength  (since  d  “  t*' ^  3 

(°^»'  *Be  threshold  vo, taxations  d  W“ 

ratio  are  believed  to  be  negligible  Cons  ”*  ^  3  deViatin8  “P«t 

8  dtrashold  voltage 


Chapter  5 


109 


uniformity  is  limited  by  the  d  a,*P'"  ’ 

deviation  in  the  donor  layer  d^g  ^  ^  A  S% 

iitfeshoid  voitage  observed  in  Figure  5!^^^  acc°unt  for  the  50mV  span  in 
5X3  2  Whence  of  Barrier  Laver  ru  •  u. 

*-n  iron,  chapter  ,  th  "  *"** 
voltage  of  the  *»  ^  threahold 

■l^®dT (equation  [230],  may  he  written  aa:  ‘  ^^'^^GalnAs 

a-fc.-w''"'  '  (4*tK  W 

*—  i,,„.  ,U| 

wh*«4andd  K  *  f5-4J 

*  are  barrier  layer  thirlr 

ducknesa,  reapecdvely.  ^  *  defermined  ^  *"d  **  *■«  layer 

83te  materia1'  “d  *,»  is  influenced  by  th  h  ^  ^  d°Pi"g0f 
material.  By  design,  4  „  much  /  *“  °f  *•  channel 

tage  for  a  given  donor  layer  doping. 

s-I-4  RF  Performance 
5'U  l  Smal,S^l  Performance 

The  microwave  s-parametera  (l-60GHzl 

— *•—»«*» 

Was  Ptovided  iiom  a  HP  4145  M  COntro' bus-  ™e  bias 

4I4S  Parameter  analyzer  r„ 

yzer.  In  dua  section,  the 
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*eEi^“re  war?el  t  ^  P®*1-  »•  **■**« 

model  differs  from  the  Schotd^btS^T  *e  extrinsic  parasitics.  The 
gate  resistance,  ™  ^^amer  gate  only  by  a  modified  extrinsic 


small-signal  circuit  used  to  model  the  JHEMT  is  presented.  Next,  the 
device  parasitics  are  examined,  and  the  bias-dependent  model  parameters 
are  reported.  Frnally,  the  current  gain  and  power  gain  cut-off  frequency 
performance  is  discussed. 

Small-Signal  Circuit  Model 

The  full  17-element  circuit  model  of  the  JHEMT  including  the 
parasitics  is  shown  in  Figure  5.15.  The  model  consists  of  8-intrinsic  circuit 
elements  and  9-extrinsic,  parasitic  elements.  This  model  is  identical  to  the 
Schottky  HEMT  model,  if  the  expression  for  the  gate  resistance  is 
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modified  to  include  ,  . 

de  the  ohmic  contact  resistance  of  the 
p+-gate.  ^Ce  of  ^  gate  metal  to  the 

The  extrinsic  gate  resistance  R  fnr  f.  „ 
contact  resistance,  may  be  written:  ”  *  e  including  the  gate 

where  **-**«.  [5.5] 

is  the  gate  metaj  feed  resistance, 

W  is  the  tnetal  finger  resistance,  aid 

^contact  ^  deta]-spmt/^/\e-i^i 

Using  the  lumped  el  *  resistance* 

g  me  lumped  element  model  derived  in  a 

may  be  written  as:  PPendix  A,  equation  [5.5] 

R'  =  **■*<*+[ ^£t\~+-P£__ 

\  W  J  3/j2  £  .  [5.6] 

methods  desdbed  in  die  next  sub-section.  by  the 

Extrinsic  D«vice  Parasitica 

nine  extrinsic  elements  were  obtai  a  r_ 
measurements  of  tussive  structures  and  ““  ® 

D"e“°"  of  the  extrinsic  parses  ^  ^  ^  S,",C‘UIe- 

itss  previously  been  reported  elsewhere10  ^ 

equivalent  circuit  model  of  each  is  n  ^  Stn,cture3  »d  the 

ch  -  shown  in  Figure  5.16.  Using  the 
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Figure  5.16.  Three  structure  used  to  determine  the  extrinsic  device 
parasitics.  The  equivalent  circuits  shown  to  the  right  of  each  structure 
mdicate  which  elements  are  determined  at  the  appropriate  applied  bias. 
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principles  of  a  linear  two-port  networks  .  . 

obtained  in  each  structure.  ^  ^  paramete«  are  readily 

fust  the  y-parameters  of  tlie  open  structu 
'he  *"*  P»d  capacitors  (C„  d  c  “*  measu*d  *o  obtain 

parameters  of  ,he  short  ^  Second,  the  , 

egalefXT 10  obtain  th- 

—  - R*,  and  series'  d  ^  ^ 

rr  -  - 

(CgsTcb,aS  COnd“i0nS'  FinaI1f'  «*  device  CpaTdereX,Ieine 

and  Cdj  p.jj  are  0  Pad  caPacitors 

device  under  heavy  reverse-bias.  ^Parameters  of  the 

GalnAs/n-AilnAs/ GalnAs  ^  “*  ^  d°ped  P+‘ 

in  The  lower  values  «*>*«  is 

—  versus  the  device  structu^  <  T*" 
capacitance  which  present  in  the  activ  H  ^  10  ^  ta«»* 

Was.  Similarly,  the  discrepancy  to  ^  "**  ^  ***>  reverse- 

•adue  to  the  metal  proximity  of  the  soureeimd'd  *nductance  values 

structures.  The  source  and  drain  r  •  -thehvo 

measurements.  But,  the  gate  resistanc^^  7  ^ 

ue  to  the  simplified  assumptions  made  in  d  t  ^  10  ^ 

°f  ^  e‘,UiVafe"t  ^  the  active  device^T™"8  8316 

83(6  heav“y  forward-bias)  shown  in  F  ^  Wh«e  dte 

estimated  value  of  gate  resistance^  ^  516"'  ««e 

e.s  used  when  exacting  ^intrinsic 
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parameters,  JceeDino- •  ^Pta-s 

Bias-D.pl ^mmmd‘hep0SSib,ed^ancy. 

P  d'"(  Model  Parameter, 

The  s-parameters  of  th 

^/GaZn ^«EMTweremeasuerera7^0Ped  ^^"A./n. 

(  K d6V1Ce  5,5,  the  nine  “  "*  ”**■  * 

bias  independent.  Therefore,  all  the  b-  ,  ParaSiHcsare  assumed 
m  the  intrinsic  model  parameters.  "*  ^‘‘“’“‘s  accomodated 

h  Fi«ure  518,  the  intrinsic  mnW  , 
gate  voitage,  V„,  at  a  constant  dr^ ' "*> ^ 

parameters  are  plotted  in  three  figures  FJ^'  ^  ^  ** 

P/°tted  *»  «*  ***  fiate-te-sour 

Conductance,  ^  750mS/mm  and  th  C*"'  The  Peak 

capacitance  c  •  n  maxinuun  crate-fn.* 

'  ,s  0'8pF/mm,  Second  A  ,,  Sate-‘°-source 

resistances  are  plotted.  The  We  h  '  ***  mtrfasic  device 

resistance  ft  *  ratl°  intrinsic  rfra* 

R«- to  *e  intrinsic  eate-tc.  drarn-to-source 

°f  the  high  power  gain  of  this 

devree  is  operated  in  accumulate  ^  ra‘’°  “ the 

capacitances  are  p,oted  ^  *  —  *** 

(C*  =  C«+C«)at-0JVis0^)F/lnm  *^ta'  mtnnsic gate  capacitance 
IpF/mmS  than  the  0.6pF/mm  of  th  “  doser  to  *e  design  rule  of 

“■apter*.  higher  in^  •*»  >M  in 

*™sr  barrier  layer  which  reduces  the  ^  ^  ^  ^ 

^ate-to-channel  spacing. 
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Current  Gain  and  Power  Gain 

The  intrinsic  unity  current  gain  cut-off  frequency**  (/„„_)  of  . 
WlUCh  'S  mdkative  intrinsic  device  speed  is  defined  by: 

f  •  -  8m  Vsa( 

J  T, intrinsic  “*  7  ~ " 1 —  re:  71 


2nCgs  2iz-Lg  -  * 

where  v„  is  the  saturation  velocity  and  l,  is  the  effective  gatelength.  To 
determine  /,*„  the  intrinsic”  short  circuit  current  gain  (A,,)  may  be 
extrapolated  20dB/dec  to  unity  gain.  Alternatively,  the  value  may  be 
calculated  from  the  intrinsic  device  parameters  once  they  are  known.  The 
measured  gate  dependence  of  the  intrinsic  unity  current  gain  cut-off 
equency  can  be  observed  in  the  plot  of  *.  and  C„  versus  V„  (see  Figure 
5.18).  However,  it  is  the  extrinsic  unity  current  gain  cut-off  frequency 
(/,«)  Which  reflects  the  terminal  speed  of  the  device  including  the 
parasitic  transit  delays.  The  extrinsic  unity  current  gain  cut-off  frequency 
is  readily  converted  to  the  total  transit  delay  through  the  device 

Tuut  “  2k- /r  [5.8J 


t5-8J 

which  may  be  expanded15: 
r ...JSelMAC„+C',).iR,  +  RA 

s~  ZTrI  +  +  [5.9] 

The  extrinsic  unity  cureent  gain  cutoff  frequency  is  defcmiined  either  by 
calculating  tile  delays  in  equation  [5.9]  or  by  extrapolating  20dB/dec  from 
the  extrinsic  short-circuit  current  gain  (A,,)  ,0  unity  gain.  Finally,  the 
unity  power  gain  cut-off  frequency  (/_)  can  be  approximated  by”: 
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f war  = ' 


±+2*f,R,C,d 


[5.10] 


where  the  negative  feedback  of  the  source  inductan  , 

achieve  a  high  .  hlgh  extrinsic  ^  *  -glccied.  To 

needed  aiong  with  .  high  inpu,-to<utpu(  ^  “**  fi**""*  * 

gate  and  source  resistance  must  be  •  *e 

capacitance,  C„,  obtained  by  modu^^TT*’  ^  ^ 

***%« T* (eg- 

A  Plot  of  gain  versus  frequency  Z^ZT  ^ 

-0  3V  is  given  in  Figure  S 19  Fr  ^  ^  ^ 

«**  o/  the  V It^ir  ^ ^  ™  ^ 

««w.  “eaae- 

«a  „  ^  *“"•  », 

freguency(/.11)isl70GHr.  W-  the  uruty  power  gain  cutoff 

hr  Figure  5.20,  the  extrinsic  unity  gain  cutoff  fr 

™  ^  ^  °  2m  8a,e,m^  singIe-doPed  p^afeAs  4  ““ 

Plotted  versus  gate  voltage  (top)  and  d  •  gate  WEMT  are 

plotted  versus  cate  curre"‘  gam.  The  /_ 

wtth  the  parameters  showndn^u^'j^**!^5'"*  “inaSon  (5.10]  along 
voltage  was  extrapolated  from  the  maximum  ^  ^ 

‘  * r-  -  w— tjz? 

T  *  max 
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trends  are  very  similar  to  bias  dependent  measurements  of  Schottky-gate 
HEMTs  reported  elsewhere8.  5 

The  peak  f,  is  105GHz  at  VJ,=+0.8V  and  the  rolloff  at  higher  drain 
voltages  is  due  to  the  decrease  in  output  resistance,  which  increases 
the  transit  delay  through  the  device  as  seen  in  equation  [5.9J.  At  v„.2v, 
the  /,  has  dropped  to  approximately  80GHz.  From  both  the  measured 
maximum  available  gain  and  the  model  calculation,  the  /_  is  0ver 
200GHz  at  V^lV.  To  this  author's  knowledge,  this  is  the  highest  / 
ever  reported  for  a  junction  gate-barrier  FET  (JFET). 


^0°te®efeSf8Vd2Sd,P+'<iaIn1S/n‘ 

is  -0.3  V.  The  extrinsic  /,  and  are  10^  md^^^ 
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-Pared  tothe  -—  J 
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5. 1. 4.2  Noise-Parameter  Performance 

Several  authors  have  published  noise  models  which  predict 

the  minimum  noise  figure  (FmB)  versus  frequency  for  a  field  effect 
transistor  or  HEMT.  Fukui's  semi-empirical  model™  expressed  the  F 

min 

by: 

F™"  +  •(/?,  +  /?,)  [5.11] 

where  Kf  is  the  frequency  independent  Fukui  fitting  factor,  and  the  other 
terms  were  all  defined  in  the  model  presented  in  Figure  5.15.  Equation 
[5.11]  predicts  FV0  at  any  frequency  once  the  fitting  factor  is  determined 
from  measurements  at  one  particular  frequency. 

Pospieszalski’s  model™  assumed  the  gate  and  drain  noise  sources 
were  of  thermal  origin  only.  The  simplified  intrinsic  model  (with 
appropriate  noise  sources)  representing  the  noise  equivalent  circuit  is 
shown  in  Figure  5.21.  The  intrinsic  feedback  branch  was  moved  into  the 
extrinsic  part  of  the  circuit  where  all  the  extrinsic  noise  sources  (due  to 

Rg,Rs,Rd/  and  Rgd)  can  be  represented  by  each  resistance  at  the  ambient 
temperature  ( Ta ).  The  noise  sources  of  the  intrinsic  device  consist  of  the 
gate-to-source  resistance  at  Ta  and  the  output  conductance,  G*,  at  a 
particular  drain  temperature,  Td.  In  this  model,  the  drain  temperature 
serves  as  the  fitting  factor.  The  expression  obtained  for  is: 

[5-12] 

where  r  is  the  standard  noise  temperature  (290K).  Remarkably,  equation 
[5.12]  has  the  same  frequency  dependence  as  equation  [5.11].  Equation 
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figure  5.21.  Noise  equivalpnf  . 
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[5.12]  may  be  expressed  in  terms  of  /_  by  substituting  equation  [5.10] 

and  considering  only  the  model  parameters  shown  in  Figure  5.21. 
Equation  [5.12]  becomes: 


[5.13] 


Qualitatively,  the  common  theme  expressed  in  equations  [5.11]  thru  [5.13], 
is  the  need  for  low  parasitics  (e.g.  and  GJ  and  high  cut-off 

frequencies,  /,  and  /_.  The  high  f,  (100GHz)  and  /_  0200GHz)  and 
low  parasitics  of  the  0.2gm  gatelength  single-doped,  p*-CaInAs  gate 
JHEMT  prompted  the  measurement  of  the  noise-parameters. 

The  noise  parameters  were  measured  on-wafer  at  12  GHz  using  an 
automated  tuning  network  (ATN)  system  equipped  with  a  HP  8510C 
Network  Analyzer,  Series  Synthesized  Sweeper,  Noise  Figure  Meter,  and 
Noise  Figure  Test  Set.  The  device  bias  was  supplied  by  a  HP4145 
Parameter  Analyzer.  The  minimum  noise  figure  (F*.)  and  associated 
gain  (G.)  of  the  lOOpm  wide,  p+-GaInAs  gate  JHEMT  were  measured 
versus  drain  current  at  6  and  12GHz  with  Vi=+2V,  and  the  F*.  and  G.  at 
12  GHz  versus  drain  current  are  shown  in  Figure  522.  At  6  GHz  and 
/*=9mA,  the  F_  and  G.  are  025dIP°  and  18.5dB,  respectively.  At  12 
GHz  with  /„=9mA,  state-of-the-art  F_  (0.45dB)  and  G.  (14.5dB)  are 
obtained.  The  noise  performance  and  gain  of  the  p+-GainAs  gate  JHEMT 

are  compared  with  GaAs-  and  InP-based  Schottky-gate  HEMT 
technologies  in  Figure  5.23. 
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completeness,  the  noise  perform* 

P+-GaInAs  gate  JHEMT  is  compared  to  «.  "  °  °'2Wn  8atelenS* 

0  SMm  p-.GaAs  gate  n°*Se  Per^ormance  of  the 

coworkers21  (see  Figure  5.24).  rep<Wed  *  °*>a,a  and 
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II.  Double  Doped  p+-GaInAs/n-AIInAs/  GalnAs  JHEMTs 

In  the  second  halt  of  the  chapter,  the  performance  of  the  double- 
doped  p+-GaInAs/n-AHnAs/GaInAs  JHEMT  is  presenied.  First  the  layer 
design  of  the  double-doped  P+-GaInAs/n-AlInAs/GaInAs  wafer  is 
discussed.  The  material  profile  of  the  wafer  used  to  fabricate  the  double- 
doped,  pr-GalnAs  gate  JHEMTs  is  also  provided.  Next,  the  dc 
characteristics  of  the  0.15pm,  0.33pm  ,0.47pm  gatelength  pMfalnAs/n- 
AlInAs/GalnAs  JHEMTs  are  presented.  Also,  the  gate  resistance  for 
various  gatelengths  and  doping  in  the  gale  layer  is  summarized  Finally 
the  microwave  performance  of  the  double-doped  JHEMT  is  examined, 
including  the  gatelength  dependence  on  small-signal  model  parameters. 

5.II.1  Layer  Structure 

As  mention  in  Chapter  1,  the  double-doped  HEMT  structure 
consists  of  donor  region  impurities  both  above  and  below  the  channel. 
The  additional  donor  layer  below  the  channel  requires  the  channel 
thickness  to  be  reduced  in  order  to  minimize  the  distance  between  the  gate 
and  the  centroid  of  the  additional  channel  electrons.  With  this 
modification  in  mind,  the  layer  structure  of  the  double-doped  p+. 
GalnAs/n-AlInAs/GalnAs  JHEMT  is  presented  in  Figure  5.25.  The 
bottom  donor  layer  consists  of  a  planar  sheet  (1.5x10' W)  Si-impurities. 
The  planar  doping  is  placed  50A  away  from  the  channel  as  shown.  The 
channel  thickness  is  reduced  to  150A.  Four  modifications  were  made  to 
the  layers  above  the  channel  shown  in  Figure  5.2.  First,  the  spacer  layer 
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: 


- n=1.5xl0i2cm-2 


figure  5.25  T 

A'i^/GaInAsJIffi^tniCture  of  the  Double-Doped  pt-CalnAs/n- 


thickness  was  increased  with  th  • 

mobility  as  suggested  front  Rgure  5  3m^h°nd  °'  -  channe, 

^wasreduredandtbedo^^  ;e^°fthed0n0r 

gate-to^anne,  distance  However  the  d  '°  ** 

acons-»*(^»,>  ^thebaj^^^ 

in  order  to  transfer  more  of  the  charge  to  the  ch  . 

m  'he  gate  was  reduced  to  p=3xl0'*cm->  thedoPing 

dependence  on  gate  resistance.  *°  °bserve  *he  doping 


V  .4 
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The  materiaI  profi,e  of  the  double.doped.doped  pt.GaInAs/n_ 

JHEMT  is  5hown  in  Figure  5.26.  The  device  structure  was 
grown  y  T.  Lm  of  Hughes  Research  Uboratories.  The  minimum  sheet 
reststance  obtainable  in  the  access  regions  of  the  double-doped  JHEMT 

(V1307)  r/5q  C°mpared  10  29°n/Sq  f”  the  sta8,e-doPed  JHEMT 

dL  rted' the  Carrier  *  higher  in  the  doubie- 

doped  JHEMT  (3.2jrl01!  c»r2),  but  the  mobility  is  slightly  lower  (7800^d). 

5.IL2  Device  Layout 

The  width  of  the  doubie-doped  p^-GalnAs/n-AUnAs/GalnAs 

WEMTs  studred  was  100pm.  The  purpose  of  this  wafer  was  to  compare 

deuces  with  differentgateiengths.  Thus,  three  different  gatelengths  wem 
rica  e  on  the  same  wafer  to  compare  performance.  The  three 
ga  eiengths  chosen  were  0.15pm,  0.33pm,  and  0.48pm.  The  SEM 
mspechon  of  each  gatelength  (prior  to  gate  metal  deposition)  is  shown  in 

\  ^  8e°me,Iy  W“  relaX6d  "  double-doped 

JHEMT  m  order  to  accommodate  the  larger  gatelengths.  The  source-drain 

spacing  of  dre  devices  with  different  gatelengths  is  3pm  compared  to  2pm 
for  the  devices  reported  in  the  last  chapter.  In  addition  to  the  multi¬ 
gate  ength  3pm  devices,  0.15pm  gatelength  devices  with  2pm  sourcedrain 
spacing  were  also  fabricated  on  the  same  wafer.  In  all  devices  reported  in 

chapter,  the  gate-source  spacing  is  0.7pm  compared  to  0.5pm  for  the 
single-doped  JHEMTs  reported  earlier. 
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Figure  5.27.  Low  voltage  SEM  inspection  of  the  three  devices  with 
depttSon8316  OPeningS-  11'eSe  mkro^hs  «•»  taken  priorTnTeW 
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3.11.0 


(-haracteristics 


A  plot  of  «.  and  /„  Versus  V„  (V-1.5V)  for  24m  source-drain 

ITlTmTT  “  ^ 0154m  gate,ength *  sh°- *  «*« 

zz™  zzr md  maxtaum  dc  ^ 

4m  aevice  is  550mA/mm  and  550mS/nun,  tesnectivelv  r' 

the  ******  JHEMT  (Lgs0.2|un)  in  Figure  5  5  the  d  TT^ 10 
exhibits  20%  higher  current  density  (due  to  higher  '  •  ^ 

»d  a  5%  percent  increase  in  dc  1  “ 

ansconductance  (due  to  slightly  lower 
source  resistance).  ^  y  lovver 

Plots  of  gm  and  /A  versus  V  ( V  -i  c\n  c  . 

**  ( 1.5V)  for  the  3pm  source-drain 
spacing,  double-doped  JHEMTs  (with  015um  03* 

gatelengths)  are  shown  in  Figure  5.29.  Similar  ^ 

ent  gatelengths  were  (i)  a  threshold  voltage  shift  and  h 

J"*  to  determme  the  threshold  voltage)  is  shown  in  Hgure  530  A 
threshold  voltage  shift  nf  inn-*™  •  ,  A 

rrrrr^ ===== 

"  ‘^>W  VOltage  ^  the  peak  transconductance  toward  a  m 
positive  gate  voltage  for  a  larger  gateleneth  a 

voltage  peak  transr  a  «  telen8*-  A  =”nmar,,  of  tf,e  threshold 

ge»  peak  hanscondurtance  for  the  three  gatelengths  is  given  in  Figure 
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Kt.-l.5V,  Z^=3fim)  for  the 
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Figure  5.29.  (cont)  gm  and  /*  versus  V  ( 
double-doped  JHEMT  with  0.48pm  gatelenjth. 
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fransconductance forthp rfis  V°ltage  and  the  gate  volt 
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5.31.  The  shift  of  threshold  voltage  and  subsequently  the  peak 
— etance  ft  atftibuted  to  the  degrading  as^t  ratio  for  short 

Finally,  it  ft  appropriate  to  note  that  the  threshold  voltage  has 
changed  front  -0.8V  to  -t.3v  (depending  on  gatelength,  from  the  single- 
doped  structure  to  the  double^oped  structure.  The  additional  negative 
voltage  which  must  be  applied  to  the  gate  totneetthe  threshold  condition 

“  fOT  ^  *"  «  ■  No,  only  do  the  additim* 

(Pft«d  below  the  channel)  increase  the  thresho.d  voltage.  but 
also  the  lower  doping  in  the  gate  reghm  increases  the  potential  dip  (in 

*  gate  region)  required  to  meet  the  flat  band  condition.  This  increase  in 

potential  drop  across  the  gate  ft  manifested  by  die  second  term  in 
equation  [5.3]. 


5.11.4  RF  Performance 

In  this  section,  the  gate  resistance  of  tire  0.15pm,  0.33pm,  and 

0.48pm  gatelength,  double-doped  JHEMTs  ft  compared  to  the  gate 
distance  of  the  0.2pm  gatelengd,  ^  fa  ^  ^ 

erwar  s,  the  other  extrinsic  parasitics  are  discussed.  Then,  the  bias- 

epen  ent  model  parameters  are  presented  for  the  0.15pm  gatelength 

vice  with  source- to-drain  spacing  of  2pm.  Finally,  the  bias  dependent 

CUtrent  ^  and  P°WCT  8s*  frequencies  are  discussed. 
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Gate  Resistance 

Recall,  the  doping  in  the  gate  layer  of  th  • 

1x10* cm~3.  The  gate  layer  d  •  ^  Sm^e-doped  JHEMT  is 

given  in  Figure  5.32.  As  expected  h,  ^’“'8  “d  *“elen*a‘ « 

doping  in  ^  gate  hyer  fa  ^  ^  sharp*  when 

presented  in  Chapter  2,  the  gate  resistan  •  °nSISten*'  Wth  the  m°dei 
reduced  (for  a  constant  gafewidth).  “  the  gatelength  is 


Figure  5.32.  Table  sum«, 
various gatelengths and gateUyer doping^ 


gate  resistance  for 


Other  Extrinsic  Parasitic, 

chapter.  The  two  differences  were  the  source^TT^  m  ^ 
varying  gatelength  as  discussed  in  section  5D2  "  ^  "* 

parasitics  were  remeasured  and  the  3  Dad  n"e  ***"* 

3  pad  capacitances  and  3  inductances 
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were  similar  to  the  values  reported  in  Figure  5.17.  However,  the  three 

extnnsic  resistances  were  different  The  extrinsic  gate  resistance  mcreased 

as  discussed  in  the  previous  section  and  the  values  are  summarized  in 
Figure  5.32. 


Tile  measured  extrinsic  source  resistance  for  the  0.15pm,  0.33pm 
and  0.48pm  gatelength  devices  is  530, 5.50,  and  530,  respectively.  The 
measured  extrinsic  drain  resistance  for  the  0.15pm  (z^Zpm),  0.15pm 

(Z^pm),  033pm  and  0.48pm  gatelength  devices  is  7SO,  10.60, 10.00, 
and  930,  respectively.  The  lower  resistance  for  the  longer  gatelength  is 
due  to  the  shorter  gate-to-drain  separation. 

Model  Parameters  and  Unity  Gain  Cut-Off  Frequencies 
The  s-parameters  of  the  double-doped  p+-GaInAs/n- 
AlInAs/GalnAs  JHEMT  were  measured  as  a  function  of  drain  voltage, 
v*.  The  shorter  gatelength  (0.15pm)  leads  to  a  higher  extrinsic  /  of  118 
GHz  as  shown  in  Figure  533.  The  intrinsic  transconductance  (,„),  gare- 
o-source  capacitance  (CJ,  gate-to-drain  capacitance  (C„)  are  plotted 
versus  drain  voltage  in  Figure  5.34,  from  which  the  calculated  intrinsic  /, 
using  the  saturated  velocity  model  (SVM)  is  170GHz. 

The  higher  gate  resistance  (due  to  lower  doping  in  the  gate  layer 
shorter  gatelength)  translates  into  a  lower  /_  than  the  sfagledoped 
JHEMT.  The  calculated  /_  from  equation  (5.11)  using  the  measured 
small  signal  parameters  is  plotted  in  Figure  5.35.  Also,  the  drain 
dependence  of  the  measured  extrinsic  /,  and  the  output  conductance,  G4, 

are  also  plotted.  The  frends  of  the  four  model  parameters  and  the  two  J- 
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off  frequencies  arp  r  chaPf«5 

"  diSCUSS6d  ^  and 

Appendix  F,where  the  bias  deaden*  roX«aI«der!S  '° 

To  observe  the  gateiength  dependence  of  ,  ^ 

extrinsic  /,  and  the  calcuiated  f  /~'the  measured 

a^^ZZZ77^lmdmnmt 

(4)  device  is  due  to  the  lower  parasiH  „  “  "*  **  3““ 

channel.  The  decrease  in  /  as  the  ""  ^  *"  *•  sho«ar 
higher  gate  capacitance.  Since/  •  * “S*  increases  is  due  to  the 

e  fma  K  proportional  to  /„  the  general  trend 


-  «cquency  for  the  0 15, ,m 
^dth  of  lOOnm.  *15Mm 
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drain* voltage^  for^ the^SprrTes^^vth'6  ,?n^|_?ate 
source-to-diain  spacing  o/ 2pm.  double-doped  JHEMT  with 


should  be  maintained.  At  low  voltages,  the  high  output  conductance  and 

htgh  gam  resistance  reduce  the  ratio.  At  higher  drain  voltages,  the 

output  conductance  drops,  which  increases  the  input-tooutput  resistance 

ratio.  Consequently,  the  ratio  of  rises  as  seen  in  Figure  536.  The 

higher  Obtained  for  the  longer  gatelength  device  is  due  to  the  lower 

gate  resistance  as  the  gate  area  increases,  and  increased  isolation  between 
the  gate  and  drain  (i.e.  lower  C*d//ct,  ratio). 

In  summary,  the  gate  resistance  dominates  the  input  resistance  in 
the  0.15pm  double-doped  JHEMTs  reported  in  this  section.  The  higher 
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Figure  5  35  S  JI  * 

aas^aasy  xsr 

frequency  was  measu^rf  sPadng  of  24m.  ^he  double-doped 

gate  resistance  is  Him  +«. 

(W0"  ‘9  3*H>'W),  ^  ITZh^  ^  d°Pil>S  ”  ^  ***  'ayer 
consequence  of  higher  gate  res'  ”  (°'2  to  01sMm).  The 

"*“*«  /-  Recall  for  I  m“ifeSted  *  -  *vere 

*4-tt«*W>  d,e  y  *uigIe-doped  JHEMT 

of  *e  doubiedope" ffJZZ-oT”2  “  "  ^  ^  «* 

«fV(VJ.  (  *'ai5Wn:  ^=3r,0'-an-.)isl30GH2 


JUN 
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ft2?  iff2*-* 01^ 

higher  JT  L  *  7  8  gth'  doubl^oped  JHEMTs.  The 

decreasing  gate  resistance  foXtonger^en^  “  i"diCative  of  *« 
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Chapter  6 
Conclusion 


i  ^ununaiy 


71,(5  taves«gadon  focused  on  the  . 

HEMT-  ^te  are  two  distinct  1  "**  °f 

SchodkyHEMT.  First,  the  feed  gate-, ol13865  *  ^  ****  °V~  *e 
determines  important  device  paramet  —  “^“"oftheJHEMT 

-e^mayhetaiiored^r"' 

b“dgaP  de*emi"«  *.  gate  barrier)  to  *  ‘  ^  wh°*  ^ergy 

gate  into  the  channel.  By  compariso  eCh°n  i'ieCti0n  from  «* 

Sch0Hky  HEMT  is  low  (0;6eV)  and  v  "  •  6  ^  *  **  InP-ba*d 

weak  pinning  ofthe  tu^a  ^  *’’*  aPPEed  gate  bias  (due  to 

In  addition,  the  selection  of  the.gate  mat  i 

determines  other  reIeVant  parameters^  ^  ^ *° 

acceptor  doping  capability)  which  affect  im  ^ 

77,6  tad«*  am  the  underlying  focus  •  “  "***  °'  **  deVfc* 

****  sported  in  this  work.  SU”Un^  -  the 

^  two  gate  materials  invesbW^i 

and  P^-AilnA,  (Eg*1.4geV).  As  W6re^ P+-GafoAs  (^=0.75eV) 

disadvantages  of  each  material  is  gJ^F  ^  ^  and 

Htosen  as  the  gafe  layer,  then  a  iarge  gate  baT  ^  is 

--orenfencement.modeoperadon.But," 


I 

•id 

J 

> 

* 

M 
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P+-GaInAs/p+-AlInAs  Gate: 


^onsegMfnrp 
(+)  High  Gate  Barrier 


(-)  Lower  Acceptor  Doping 

(-)  High  Contact  Resistivity 
(-)  Thick  Gate  Layer  - 


P+-GaInAs  Gate: 

ConseqiiPqff 

(+)  High  Acceptor  Doping  - 
W  Low  Contact  Resistivity 
(+)  Thin  Gate  Layer  ' 

(-)  Low  Electron  Barrier  — , 


Impact 

•  High  Tum-On  Voltage 

•  Enhancement  Mode 

Operation 

•  Back  Depletion  Lowers 

Aspect  Ratio 

•  High  Gate  Resistance 

•  Recessed  Channel  Contacts 


Impact 

•  No  Back  Depletion 

•  Low  Gate  Resistance 

•  Non-Recessed  Channel  Contacts 

•  Low  Tum-On  Voltage 

•  Limited  Enhancement  Mode 

Operation 


- - - 1 

GaLiAs/p+-AU^OTD^C»i  of  cho°smg  either  p+- 

p  -GalnAs  as  the  gate  material  for  the  JHEMT. 


the  expense  of  (i)  high  gate  contact  resistivity  (4x10^  Cl- cm1),  (ii)  gate 
back  depietion  (120A)  which  effectively  reduces  the  aspect  ratio,  and  (iii,  a 
thtck  gate  region  (-600A)  since  the  AlInAs  requires  a  graded  transition  to 
a  p+-Ga!nAs  cap  layer.  However,  if  p*-Ga!nAs  is  chosen  as  the  gate  layer. 
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en  the  barrier  is  compromised  to  achieve  ft)  In 

p*«a.  k  ■  “• 

e  &a*e  barrier  height  of  the  IHFlur  • 
by  the  MBE  growth)  resulting  m  high  J  (“'e>y 

(^)=I3-7mV>-  A  on,dimensionafcha 

consistent  with  experimental  data,  was  developed  to  ^  “ 

voltage  of  the  JHEMT .  T^e  Muence  of  J  "  ^  ^ 

voltage  is  reflected  in  the  threshold  ^f^t  ratio  on  the  threshold 

gatelength from 0.48 to 0.15gm.  V<>ta8eShift  °f200mVby va^ingt^ 

on  alloyed  regrown  contacts  and  alloved 
competing  ohmic  contact  technologies  hie, 

regrown  ohmic  contact  produced  a  40%  and  75y  ^ 

state  breakdown  voltaee  °  higher  off-state  and  on- 

contacts  with  similar  contact  restate  TeT  ^  ^  ^ 
resistance  achieved  for  non-alloyed  and  t  d 

-as  0.53  and  0  2fl-mm  *  ***  oh»*  “"tacts 

U,2C  mm,  respectively.  Alloyed  ntw 

preferred  for  the  mm-wave  devices  in  thi  ,  ^ 

transfer  resistance  (obtained  for  ^  h6”1186  W8h  C°n‘ac* 

For  the  OJpm  gatelength  p*-AlInAs  JHEMT  with 
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to  the  low  unity  power  gain  cut-off  frequency  (/_,  of  j10GHz  ^  ^ 

d  .  ength  P"GaInAS  JHEMT  wi*  alloyed  ohmic  contact  ,he 
re  uced  parasitic  delay  and  high  intrinsic  capacitance  (0  SSrF/’  , 
improved  the  /  to  IOSCHt  tk  u-  u  P  (°‘85pF/mm) 

T  h  .  '  6  ShgateIayer  doping  (lxlO20^) 

r:  P  r  (^=250Q/mm)  ^  a  lower  extrinsic  gate 

the T  ^  ^  3  ^  -  ««*  State-of- 

he-art  mmrmum  noise  figure  ( 

(Ga=14  JdB)  are  also  achieved  A  double  ^  83,0 

...  A  “ouble-doped,  p+-Ga!nAs  JHEMT  with 

O.lS^im  gatelength  exhibited  70°/  u*  u 

and  12°/  hi  h  8  “  ^OmA/nun) 

/  of  1  !i  T1"  CWrent  Sai"  CUt’°ff  fre<,UenCy  (118GHz>-  The  lower 

“  *  ,e-d0ped  JHEMT  »  d“  -  *e  lower  acceptor  doping 

employed  in  the  gate  layer  (3*1 0'W3)  g 

electrons  wb  ““  8ate  ™  -  dominated  by 

electrons  whose  energy  is  less  than  the  peak  of  the  gate  potential  barri 

6.2  Suggestions  for  Future  Work 
W  WaJer-to-Wajet  Threshold  Voltage  Uniformity 

Severn!  authors  have  reported  excellent  threshold  uniformity  across 

by6  the  6r  hReCaU’  *e  ‘hreSh0ld  V°lta8e  °f  *e  is  determined 

7  8FOW,h'  Wh”eaa  ^o. her  methods  rely  on  processing 
^oducibility  ,o  achieve  threshold  voltage 


reproducibility  0/device;;haracf^*^M* 

2>-‘»-run  Will  detennined  Ae  ^  “  *g  lhresh0ld  vol'W  from 

^technology.  Therefore,  wafer.t(>.waf  h  ?***  W“h 

perhaps  a  more  important  figure  of  merit  and  V0*tag*  unif°nnity  is 

(B)  Reverse  Gate  Leakage  ese*ves  investigation. 

The  reverse  gate  leak*** 

S,0red  for  a  period  of  several  ^  ““  devie“ 

characteristic  were  observed  .here  ^  ~ 

uiearly  (around  ^=.JV)  ^  «  ™rent  would  increase 

m°del  °f  *•  Sate  diode  is  suggested  to  fan 

leakage  components  and  how  the  surface  conl^^  ^ 
ciirrent.  contributes  to  the  leakage 

(O  Reliable  Access  Region  Etching 

Inherently,  the  gate  region  of  the  JHEMT  ■  n 
defining  the  access  regions  during  the  fabri  „•  ******  •*"«<* 

*e  resistan«  °f  the  access  region  can  Assho'™m  this  work, 

~T  of  the  recess  J^^^candy  depemiingonthe 
deviations  in  full  channe]  aheet  resist  can  cuse 

resistance.  Therefore,  the  utilizatio  /  SCOnductance,  and  source 

wetchendstryi,su^Wtota^v°“^S^«ch>ayeroraselecave 

access  resistance  uniformity. 

positive  batCuppTy  ^avaTat  only  , 
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material  for  enhancement  mode  operation.  A  schematic  of  an 

enhancement  mode  p+-AUnAs  JHEMT  structure  is  shown  in  Figure  6.2. 

The  access  regions  require  n+  regions  which  can  be  readily  regrown  by 

MOCVD.  These  regions  must  be  formed  adjacent  to  the  intrinsic  region  of 

the  device  to  avoid  excessive  parasitic  resistance.  The  enhancement  mode, 

p+-AUnAs  gate  JHEMT  is  the  ffl-V  version  of  the  enhancement  mode  Si- 
MOSFET. 


<E)  Improved  Design  for  Depletion-Mode  p*-GaInAs  IHEMTs 

The  high  aspect  ratio  design  of  the  p*-GaInAs  JHEMT  requires  a 
thin  barter  layer .  A  thin  barrier  layer  reduces  the  number  of  electrons 


employed  ta  ,he  access  ««ions  i 

current  drive  capability.  d  dram  resistance  ***  provide  hig 
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whidi  transfer  from  the  donor  layer  to  the  channel 

**•  To  increase  the  channel  elelon  c  to  W 

^cepotendal^rbed 

shown  in  Figure  6.3.  Furthem,^  a  Uye,  as 

proposed  in  order  to  reduce  surface  leakage  ^  ^  “ 

this  ProP°sed  structure  reduces  the  •  ^  ^  *"*  Char*e  of 

“went  drive  capability.  mPUt md  improves  the 


Pegrown  Wide-Bandgap 
Material  (n-type)6  P 


L 

4 


n 
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/HEMT  Lumped  ElemenUi 


pproximation 


e  use  of  a  junction  to  modulate  the  2-DEG  intr  a 
8a,e  reSfe,anW- ta  to  the  metal  gate  resist*,  " 

the“n--t»ceofthegate.1eJetor^COrre^8,° 

sub-micron  gate  length  JHEMTs,  both  resistances  JJT* re8,0n'  *" 

to  the  overaU  input  impedance  The*,  ■  ■  ^  7  COnWb“te 

Wolf  is  modified  in  cider  to  a  ““s'™  line  model  proposed  by 

approximated  by  a  poL  ^  ^  *  «- 

apptoximadonof^eiHHMTiaobta  J  ^ 

fHEMT  Input  Impedance  Model 

Since  the  input  signal  applied  from  tn  c 
Propagates  along  the  gate  metallisation  to  the  ^  8316 

analyzed  as  a  distributed  network.  The  d' m,  ****** 

is  shown  in  Figure  A.1,  where  h  *  U^ne,workoftheJHEMT 

quantities:  ere  we  have  defined  the  following  infinitesimal 


dfi,  «(.£&.)  “hr 

*  Wv 

fA.l] 

<*„— a_ 

'  L,dx 

/  \ 

fA^J 

fA.3] 

V"/  [A.3J 

fect0r  R-/W  is  the  gate  metal  end-to^H  • 

d  resistance  per  unit  length 


.1 
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Figure  A.l.  Distributed  input  impedance  network  of  a  JHEMT. 


in  Q/ mm.  The  factor  l/n2  (where  n  is  the  number  of  gate  fingers)  arises 
from  utilizing  a  parallel  combination  of  gate  fingers.  The  term  pc  is  the 
contact  resistivity  (Cl- cm2)  of  the  gate  metal  to  the  p-doped  gate  region. 
Finally,  the  factor  Cg/A  is  the  gate  capacitance  per  unit  area  in  F/cm2. 

The  unit  cell  is  re-expressed  in  terms  of  a  single  series-impedance 
along  with  a  single  shunt-admittance  where  we  have  defined: 

Z=dR  r a  ai 

*1  {  W  J  n2  fA-4] 

,  1  -  - - —  Jc  \  [A.5] 

S2  j(0  •  dCgs  l+j°>Pc- 

Applying  the  telegraphers  equations  for  an  open-circuit  transmission  line 

of  length,  W,  the  transmission  line  network  can  be  essentially  modeled  as: 

Yin  =  Y0izhh(yW)  [A.6] 

where  the  characteristic  admittance  of  the  transmission  line,  Yc,  may  be 

written  as 
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and 


[A.7] 


eiectricai  (ength  of  the  transmission  line  yVV  is  • 

' yvv'  IS  given  by 


[A.8] 


then 


c**l$h* 


we  can  .simplify  fA.77  and  fA.8J  to 


[A.9] 

[ A.10] 

[A.11] 


obtain 


and 

1 

JWs 

1 

IZEESEs^ IT 

[A.12] 


[ A.13 ] 


Next,  we  assume  the  nh» 

*e  Mowing  approximation.-  ^  “  “““  “d  expand  fA-«J  using 

tanil(*)  *  X  -  il  f_ 

thus,  we  obtain..  3  KJfl 
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Yin  =  Y.  •  /W 


ft  inf 


for  |yW|«l  [A.15| 


71,6  aSSUmPti0n  lhat  the  eleCW“‘  taWh  of  the  transmission  1™  must 
romam  small  eposes  an  upper  limit  on  *,  aUowabIe 

»-  ■*— «  H  -  a.  » 

followmg  simplified  fonn  (after  simple  mathematical  manipulation): 


4  = 


0  -  a>c„{ iaC. ' 


(l  +  a>Vc„7 


[A.16J 


'  **  g*  ) 

After  expanding  the  numerator  we  separate  real  and  im„m- 

demine  the  equivalent  conductance  and  susceptance.  MoreTp* 
stated,  we  write  [A.16]  in  the  following  fonn: 


where 


.  alC"\2K«  ^  ~  ^ 
(l+<°1V<V)! 

<»C„[l+2 


[A.17J 


fA.18] 


{l+o)2R,22CtJ2f  A  [A.19J 

Now,  it  is  assumed  that  co2r^2C„s2«1  . .  .  t 

gz  gs  «i ,  which  states  that  the  RC  tim 

—  ofthegatecontact  resistance  and  the  gate  capacitance  m^ 

—  t0l/“'  APPl^^co— weob^nthefoUowint 

omittance  and  susceptance:  * 
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Appendix  A 


I 


for  co  «  - ____ 

R  c  311(1  &«• 
S1 


[A.20] 

[A.21J 


R  -C  ai,a  o>« - 

For  inclusion  into  a  smaR-ni^  .  *  R*2 ' C^ 

SIgnal  circuit  model  • 

mMe  ^  The  equivalent  ”PedanCenenVOrk- 

Ca,CUjated  from  tAJOl  and  [A.21J:  mpedance  network  is  readily 

Z*  sK+jX 

3  +  /k 

[A.23] 


X»-J_ 
for  ty  « 


_ 1_ 

R., .  r  **““  - - — 

The  lumped  element  equivalent  4  VC» 

figure  A.2.  '  mput  “"Prance  network  is  given  in 

Consistent  with  Wolf.  ,  . 

°f  meMi2a«°n  resistance  (one-thir^  0^  ^  ^ 

«*  *  **  "**  “ 
obtained.  ^  magnitude  of  ^  ^  ^  ^  %  is  a, so 

contact  resistance  of  the  gate  and  inv^^fy^  Pr°pord0nal  *°  the  specific 
“  Shown  ®  from  [A.I0J.  Proportional  to  the  gate  length 


and  co  « . 


[A.24] 


r* 

0 
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MOCvfc-d“B 

D  Dop,ng  Behavi 


or 


- -  WCfflj 

Figure  B.I  n  . 

djsiiane/hydr0£ei?^n®,  Concentration  v 


Appendix  C 
JHEMT  Process  Traveler 


Sample  outline 


mask  used: 


vers.  8*1»94 


O. 

O. 

o. 


PWR  JHEMT  Mask  Set 
MEMS3  Mask  Set 
Other _ 


OHMIC 


1.  Clean:  ACE.  IPA,  N2  Dry 

2.  Dehydration  bake  @180°  30 

3.  Spin  PR  Shipley  1400-27D1 

4.  Softbake 


sec.  on  HP 


O  Hotplate  @70°C  30sec 
5.  Expose  Pattern: 
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•  4  V. 

20mW/cm2 

7.  Rood-  viVCT35,:  Recipe  #2  fJ 
® . <=XXsec  '  } 

9  T _  O . ta_ 

10. 

Run# 

0°*|?x2  806(7:1) 

'2'  EVa'Tr»WAUGtfA„ 
^‘cJcness: 

o  .  Xw^ooA/xoooA 

Run# _ 

TemescaJ# 


O . t=XX  sec  ' 


'WLANT  isolation 

I  /'M 


N2Diy 


4-  Softbake  %P  *y  1375 
o£™!  ®70°c  30mia 

* ■  *4S&SWC  3°~ 

?•  ^Se  Reversal-  R^.,-  ^ 

8  aassss***  (,?sh”> 

5? . ^  XX  sec 

’  Aspect- double  d^TT^ - 

ncc*  edge  quality 

IMPLANT 

Done  By 
Vacc/Dosc/71mc 

Current, 


( 

l 

I 

§ 
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time/thickness: 


Microscope  Comments 


ALLOY  (TEMP=355°c,  t=50sec.) 

TEMPERATURE; 

TIME: _ _ _ _ 

SURFACE  MORPHOLOGY: 


“T”  GATE 

E-Bcam  Spinner  Parameters: 

Use  Left  Spinner 

2  rSbrat!^°Spec  Usln«  Own  Wafer 

f  n?'L$2bIPA’N2DV 

3.  Bake  @XXX° forXXmin(L) 

Spin  1st  Bi-Layen 
5-  Bake  @XXX°  for  XXmi„  (R) 

6.  Nanospec.  XXXXA4y.XX3a 

thickness:  _ _ 

7.  Spin  2nd  Bi-Layer: 

8.  Bake  @  1 80°  for  30min  (R) 

9.  Nanospec:  XXXXA  +/-  XXXA 

thickness: _ _ 

10-  E-Beam  Exposure: 

Target  Gate  Length: 

O  Lg=0.20pm,  T-shape 
O  Lg= _ 

Gate-Source  Spacing* 

O  Lgs=0.5pm 
O  Lgs= _ 


Exposure  Log# 
Pattern  Name  _ 
Comments: 
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inspection 


Approximate  Dimensions: 


Comments: 

l2R^T“m: 

““Sff  B0E *■» 

0  t= 

R  Ev«fwTonivAllNi 

thickness:  ‘ — 

o  xooA^cooA/xoooA/xoooA 

Run# _ _ 

Temescai# 

IS  ^ft0ffinMeth-Cl«>rine38wtn®  yy  • 

£  %'£"ACE'!PA-N2Dv  " 


MESA  ISOLATION 

Wct 

i‘  ^[*an:  Ace,  Iso 

•  Dehydration  bake  @120°  inm.*.. 

4  P4"°  6K  3<L 

*  Softbake  Oven  @90°p  tn^. 

5.  Ex  nose  pwo^T  i  .  c  ]0nun 
a  n!  “ges  Imin 

7  '-4  AZ40°™  20,20*. 
0_„*ST'  tea“”>“ - mWW 

[0MM,ta  j 

8'  AZ400K.DI  1:4 

40  sec 


l"  S^@,20IC  «**  Ove„ 
o  Etch  With 

H3P04:H202;DI;  3:i;J0 
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time/thickness: 

1. 

2.~ 

3 

4. 


5. 

6. 

7. 

8. 


Microscope  Comments: 

1-  Descum:  O2  plasma  LF-5 
100W-0.2T-2mi„:  Run# 

o  t= _ 

Access  RegionI 
O  Etch  With 

■  Citric:  H202 :  //,  0 
(1:100:10:400) 


OVERLAY 


2  Sf!i  ACE*  1PA,  N2  Dry 

i£*WSK8-«- 

O  Oven  @70°C  30min 
O  Hotplate  @70°C  30sec 
5-  Expose  Pattern: 

? . ,=  I6sec  ®  20mW/cm2 

6*  Image  Reversal;  Reci dc  #2  n 

7.  Rood:  6min  @20mW^  (l75Hrs  ) 

8.  Develop:  MF312:DI  (3  4) 

0  t=XXsec 

O . ts _ 

in  Sf**  doub,=  check  edge  quality 

10.  Descum:  02  plasma  LF-5  q  * 

Run# _ _ 

1 1.  Oxide  etch:  BOE  7-1 
O  t=  Xsec 

O  t= 
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12.  Evaporate:  O  Ii/Pt/Au 
thickness:  ~  “ 

®  10OOA/1000A/3000A 


Run# _ 

TemescaJ# 


K  tatSi"AC"°"e  IPA,DI,N2Do, 
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Appendix  D 
Surface  Depletion 


Doping  (oJs,  *" 

an  applied  surface  po'tOTfcU^fTfiv"  n,e  *  fmicondu«or  region  due 
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was  used  f0  d—  - — 

Scattering  t 


0"*v.  v u_t rent.*  — ,',wj‘^iiiie 

20/  sS^0*16^  version  1  0 

80!  *  m0diCation'  Saturday  10-29-94 

90  GINIT 

100  gclear 

j%  2*w res  ON 
120  OPTION  BASE  1 
130  OUTPUT  2;,Tc,» 

jsssss? 

SS0*™0 LMW 

260  COM/Const4/^f'Sanlaibar 

S 

WO 

310  COM  /Bairl/  IMTPi-n>  Jla»a'-flag.Tdg 

s  ss®SSs, 
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410  ! 

«S  COM  ^  ™.Class,Vapp 

s  Sm^//^S^SST)'E22(200) 

490  COM  /Filel/  Infile$f7] 

5?0  P°M  /TitIes/  c°deword$fl0] 

5M  35  T_mtr,V_cntr^um_cntr 

<>4n  rnx/  Tm$[2],  V m$[3],Formata$f  115] 

550  f  7  uto3/  REAL  J1(6,100)J2(6,100)  !  6  Temps  and  100  Vg's 
560  ?  . . . . . . 


570  !  Initialize  Vars 

r  AA  a  _ _  -  _  . 


580 
590  ! 

600  Qe=1.6E-19 

610  Eps0=8.85E-14 

620  Temp=300 

630  Kb=1.38E-23 

640  Epsl=13 .7 

650  Eps2=12.7 

660  Mo=9.1E-31 

670  Ml=.041 

680  M2=.084 

690  Mdef=.l 

700  Ao=120 

•*»«  ;  xvicnara 

710  Plank=6.62618E-34  »J*S 
720  Hbar=1.05E-34  » J*s 

730  !  * 

740 
750 
760 


*»»**»»»» 


!C 

•'  F/cm 
fK 
'■J/K 

•'  for  GalnAs 
JforAUnAs 

•  ^8  (free  electron  mass) 

!  electron  m*  ratio  for  GalnAs 
•'  electron  m*  ratio  for  AlInAs 
!  default  effective  mass  ratio 
'  Richardson's  Coef:  A*cm-2*K-2 


Linc=1.0E-9 
Ld_flag=0 
770  Clc_flag=0 

780  De=.01  !  (ev)  incremental  energy 

800  ScanlstaKl50  ' number  of  energies  to  scan 

810  Codeword$»"  CHANNEL" 

820  ! 

830  MAT  Ef=  (0) 

840  MAT  X=  (0) 

850  MAT  Ec=  (0) 

860  MAT  Ev=  (0) 

870  MAT  V=  (0) 
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880  MAT  Jls  (0) 

890  MAT  J2=  CO) 

900  !  ' 

9 10  ! 

S  ;2=232=.J  " - — 

940  Menu:  !  - - 

970  ChoiceaO 

980  W$(l)«"  LoadBand  " 

990  WSC^-Cunenr 

^(5)*"  SaveData " 

1010  W${4)=''  **£Yrr**  <• 

1020  W$(S)=-  Aut  .. 

1030  VV$(6)a- 
1040  W$(7)3« 

1050  W$(8)="" 

1060  W$C9)*"” 

1070f 

1090  ^att  Main  Menu" 

1120  CASE  1  _ _ _ 

•  Hus  case  loads  Doc  oil - 

file  containing  the 

)  hnn.  _ 


1130  ! 


1 180  i  V)  £?  ?  to  fumish  an  ann£?L*  mPut file). 

1190  i  effective  mask  in  arrav  M*  tt  ^app=? 

,  •  material  to  ascirm  way  M  .  Use  Ee  diftprJTf  • 

si 

Si**”*E~£5SSF’ 

1270  f  ^im*ts  input  file  lOOOpts 

1280  !  eg; totaJ  layer  thickness*lum  if 

1M0,  i*y«rfengftiS,0An  ^ 

1300  f  NT_1_  _ 


WMU  «yer  thicknesssiui 

1290  1  layer  length  is  10  Angstro 

1300  !  Nots"  To  t *ifi  • 

1310!  J?rfad  Affile: 

1320  i  Usuig  w  editor  chanee  all  <ma 

1330  *>  wSsf*  No^zr ;°  “““ or ' 

are  lost  °T  the  Mac  or  else  line  tern- 


1340  ! 
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1360  !  3)  Cn2fk t0  <frrent  basic  directory  making  sure  the 
1370!  "ante  is  no  longer  than  7  letters.  8  sure  the 

1380  ! - -  - 

1400  ! 

1410  CLEAR  SCREEN 

*«  S^^£sSSSSSSfit‘rrjUkt 

1440  IF  Temp$o""  THEN  /Temp$ 

JSJ  TemP=VAL(Temp$) 

1460  END  IF  F  ' 

1470  PRINT  USING  "K  K","Tho  «i  a  i_ 

1480  PRINTUSINgSdiS-?  te^dis:,’InfiIe$ 

1490  PRINT  USING  '  TemPerature:",Temp 

g  ^SSIGN  ®Fa*  TO  InfiIe$&":DOS,D' "  ” 

1  tnn  n.  _ 


1510  !  — uuue*ai  :uoS,D' 

5 
1600  ! 

;66’0 ; - - - — - — 

IS  5SK 0*®“"*^ 

g  FORQ=2TOCb_num 

iS  ^“(W-WrWQ^CHW/^oo, 


;  r: - - - — ~ — 


1660  NEXTQ 


!V/cm 


1680  !  T  a  a  a 

1690  !  Find  the  min/max  values  olT7^r*""’~"~" 

1700  !  value  equal  to  "selected”  ‘ 3180  ma^Ce  **  “'dex  of  the  min 

1710  DISP  "Scanning  data..." 
g  Ezo=MIN(Ec(*)) 

1730  Vmax=MAX(Ecf*)) 

J2JJ  J??JT"Ecmax=">Vinax 

g  f^NT-Ecmin^Ezo 

1770  f 

s  .  — 

1800  Trig=0 
1810  REPEAT 
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f  r  '■*,**ia  i 


1820  'Print  T 

ss  %&***■■**« 

1870  END  IF 
1880  TaT+1 

1890  UNTIL  Trie 
1900  f  o 

1930  DBP  "prpodc,  ureseJected<cb_num 

1940  ^^O^Iectedindex>thani^eXe^e, 

1950  GOTO  Menu  ^  from  the  input  £ 

I960  END  IF 

SS 

2020  tar‘C0Unlin*fc»(N»^-J)Sd„ 

21130  ^r-v« 

g(Wj>Ec(Vara)mm  ,Bfc  ^ 
Edonor_mdex=v2T  ,Edonor-min 

PRINT  "Edonor  index—" 

— -  END  IF  -index-  ,Edonor_index 

SS  f2J£«££« 

»»  B^““r'0i"',",tl»W^ol1aga  - - 

2170  (^^"Enl«U»An,B»dG.teV otog,(V)7.-VaDD 
«8"  aWNTUSWGTur.-  ’  ^ 

®;  applied  gate  bias  is:  **,  Vapp 

2210  !  ***»»»»»»»#########^^^^^ 

2250  INPUT  "Pa  i  | 

2S  ^SoSrSuiUnJC$=,d"^®^1  (D)  °r  ChaimeI  fdefaultJ?',Junk$ 

2280  Numb*Edon£^dex 


2040 

2050 

2060 

2070 

2080 

2090 

2100 

2110 
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DONOR" 


•Assigning  effective  mass  relations: 

I  Signing  effective  mass  values...” 

values  of  Effective  Mass. 
iPRINT  Cbwnum/Numb,Eg_test 

MstarfL^Mi THEN  !  U  Eg<1'1  **"  ****  material  is  GalnAs. 

!Hse ^material is AHnAs. 


ELSE 

Mstax(L)=M2 
END  IF 
Lx(L)=Linc 
NEXTL 
! 

Lx(l)=0 

Lx(Numb)=0 

t 


*  incremental  barrier  thickness. 

!  Mate  the  thickness  of  the  in/out 
•  barriers=zero. 


SS  DONOR" 

2320  izzrr . 

2330  DISP  eriective  mass  relations: 

2340  F^L^ST^ge££eCtiVemaSSVaJues--  " 

2350  !Setva*ues°f  Effective  Mass. 

2370  •™!NT  Cb-num^umb,Eg_test 

2380  MsteriL)=Ml THEN  '^Eg^1  then  the  material  is  GalnAs. 

SS  ?£La>*o 

2410  END  IF 

2430  NEXT  *  Incremental  barrier  thickness. 

2440  ! 

24QO  I  r  **************************************************** 

2 500  incoming  wave 

2510  FOR  Q=1  TO  Numb  trar^  energy  chosen  equal  to  zero. 

So  lS<f(Q)_EZO  'Assign values. 

So  !KoMr!SSd„nor !  ^!LSUrf^IIllUe  °f  Ec*Etm- 

SS  !P^(V”^ne'vvaJ"eofEdon-m" 

SS  £5^0. 

2610 

2620  »  ‘  °mmS  waves  have  real  values  of  K. 

2640  ?£?****«»—-' 

2650  PRINT "X  Ev  Ec  M*  t-  ,, 

2660  FOR  L=1  TO  Cb_num  U  V  E" 

2680  [l^[X<I->'Ev(I-).E<^-)>4sHirt.).Lx(L).V(I.).EJeld(L) 

7f>on  i 


2560 

2570 

2580 

2590 

2600 

2610 

2620 


2680  NEXTL 
2690  ! 

2700  CLEAR* 
2710  CALL  PI 
2720  INPUT”] 
2730  ! 

2740  Ld_flag=l 
2750  !_ _ 


CLEAR  SCREEN 
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2760  CASE  2  m.  APP«<I«E 

2770  !  <Thls  case  calcs  scatt/ma^  and  « 

z° 

2870  ^2-Mo’Qe)/(Hbar)-2  !Q/ectiv 

x  f““°  t^r^^raB0“™d*- 

"“TJSSi  • 

2910  FOR  7_c-  usen  starting  point 

2920  E&|±^',TOSa^stop 

2940  ,*££**  *»-«hWa%, 

25S®  !  P20  shouJd  b«  s«  to  Ecmin 

S  : 

3000  !  ™tial  material  at  K  k  for 

s  SS?  - 


™  •'  - “lareriai  at  X(numb)  "ror 

IS?  ,  P,(2-2)=CM>S«0o?  Equal  To  Identity  Matrix. 

^060  !Order  ie  l 

s ,«- »«  ^  “  •,‘™ 

3110  Pu-M„  d  locoMt  backwards. 

3120  ,  -Ms^-8«>'(&.V(J))  !  Vjistheh  ■  . 

&?  ■<noU-n;*r£Zl^,°‘b"*r- 

sm  ^0>^Pk)/n  ,p  ( 

3180  PdafJwS'H',/Ph  ’  ropi8a',onmatri'o'b«i«. 

3200  !  Pd(2^pd(ll) 

3220  F<1J>-^'m(UhP 
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San  S!?(2'1),pd(1'1)+Pt(2'2)’Pd(2-l) 

3^  ^  P^)=Pt(2,l)*Pd(U)+Pt(2^)*Pd(2^) 


Pkold=Pk 

j 

NEXTY 


IMake  the  "present"  K  the  "initial"  K 
for  the  next  barrier. 

!Go  to  the  next  barrier. 


!PM^ri^S2i)))A2)  !TWs  fa  *e  o£  *e  T-coef. 


3250  I  ' 

SS  SKSSgg^  !Free  Space  Propag. 

3280  Pf(2,l)=CMPLX(0,0) 

3300  !  Pf(2^)=CMPLX(C°S(Pk*Lxa))^IN(Pk*Lx(J))) 

So  KKSgj  !CalcP(bair)*P((ree) 

3330  Pt(2,l)=P(2,l)*Pf(l,l)+P(2^)*Pf(2,l) 

3350  l  Pt(2'2)=P(2,1)Tf(U)+P(2'2)’Pf(2i) 

33TO  ,Pk°ld=Pk  !Make  the  "present"  K  the  "initial"  K 
ivrtvT\/  the  next  barrier. 

MS0  NEXTY  !Go  to  the  next  barrier. 

SS  iTOsisthemagofthoT-cotf. 

3420  !  '  { ' 

3430  Vz=SQRT(2*Qe*Ez/(M2*Mo))  ,z«h  compos,  of  vetodty 

22  !StSSr'TemP,/P,ankA3Wra“®^  !  A  constant 

3470  ! 

3480  -'PRINT  •iEz=",Ez;'Ef_ref="/Ef_ref 

3490  IF  Ez<Ef_ref  THEN  nf  P,  . 

3530  ^°ns,1-EXP<^-ref-En^emp)) 

3540  .'PRINT  "Stat="/Stat 
3550  ! 

SS  To^S^^^eca^Oontot^ 

S  EP.Et  ,  !Hs«.  no  states  are  available  and  Tc 

IS  eJSS0* 

3610  Jt(Z)=Tot*l.E-4 


3580 

3590 

3600 

3610 

3620 

3630 

3640 

3650 

3660 

3670 

3680 

3690 


IF  Ez>  Vmax  THEN 

Class=Class+(Qe*Vz*Stat*(Qe*De)) 

ELSE 

ClasssClass 
END  IF 

Jc(Z)=Class*l.E-4 


!A/mA2 
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3700  DISP  "Vf  APP«nd«E 

3710  !  (scanh",Ez,"  Jtot(A/an2)=“jt(Z) "  lte(A 

372 0  NEXT2  '  Jte(A/an2XJc(Z) 

3730  !  !Go  to  the  next  incrpm^*  i 

WO  .'Now  caJculafe  the  ""** 

3750  !  e  016  currents. 

3760  Do_caic:  * 

3770  BEEP 

2JJ  CLEAR  SCREEN 
3790  PRINT 

3300  PRINT 

3810  PRINT 

3820  PRINT 

3830  PRINT 

3840  PRINT 

3850  PPTMT’ . . . . . 

3860  PRINT  T=  ••  t  ... 

S  T°o"^^P^PPta''Vamc^'wordJ 

3890  PRINT  ,,*************4^fm^ 

ss ,  "“*'■* 

™  '  [T“ionr 
3940  PRINT^  **  A/cm2 

2  ^nniomcEmi^^Tv  '  ^  'T«™i*sionJ 

s  sr-SEAlSii*** 

4040  PRINT  USING  "KSDir>rt~  ^  ^/(KbTemp))  !A/cm 

S  ,^W>NG'K^XuMfE*!?iVe8mi«*-®.  well 

4100  PRINT  USING  -vcn* nr  '  ^Temp))  <A/cm2 

4110  Eb_ecp=V(5)-Ef  n»f  "  ®'^’;'7tot(Ec_p)=  “jtet  ,.  .. 

4120  PRINT  USING  ilnnn  ~P'  A/cm2  [Calculated]" 
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4170  PRINT 

4190  E^PW^M-fe '2^tDE'K'V7tfe<P<!ak,=  A/“i2  [Calculated]- 
So  ,PRINT  USWG  ^D  DDDV  Effective  Barrier*  ”;Eb  tfe 

4220  ! 

4230  PRINT  . . . . .  . 

4240  PRINT  Tor  a  0.2x50um2  Device  -  — 

4250  PRINT - JSSSSS^. _ _ 

4260  Itot=Jtot*(2E-5*5.0E-3)  !AmDS  - ~ 

s  ,,'itocAfTransJ" 

4300  iS^^y5S3)DE^e(dass)!“ A  in»»r 

«30  PRINT  USING  -K^D  ODEX^wi^,. 

4340  Itet.j>»Jtet_p*(2.&5»S  OOP  ri  *  JteOvell,"  A" 

««  We*Jtf,.(2.E-S-S.OOE-3)  I^£'<Ec-p>-  Jte*-P'"A" 

So0  !  USING  ”K,SD.3DE,lC;,7tfe{peak)  -^A- 

4390  PRINTER  IS  CRT 
4400  Junk$="N” 

So 

4430  PRINTER  IS  701  1  ™N 

4440  GOTO  Do.caic 
4450  END  IF 
4460  ! 

4470  !  ———•»•—»»» — T  T  . . . . 

S  ^^^-^^Tpleted. 

4500  GOTO  Merm? 


Mor»n-  ^  Appendix  F 

Wore  Bias  Dependent  Model  Parameters 

JHBmS  (Lg=°-15'  °'33,  and  d0Uble-d°P«i 

®  Chapter  5,  are  presented.  Ihe  gate  volta  .  araClenshcs  *own 

determined  hy  the  gate  voltage  Where  the  ^  T  ^ 

^e  fixed  gate  voltages  for  the  O.lSgm  033(un  and  n  7  “ 

were  -0.7V,  -0.55V,  and  -0.45V  71,  .  ^  ^  WEMT* 

compared  are  the  transconductance  J ,  m°del  paramete» 

transconductance  and  J  ^  ««■  *te 

similar  small  signal  ^  ^ 

with  the  measured  dc  transconductance  Re2  T  ^ 

"  uc**nc**sdwwn. 


(see  next  page  for  fi 


gures) 
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